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Abstract
Wide band gap semiconductors doped with rare earth ions (RE) have shown great potential
for applications in optoelectronics, photonics, and spintronics. The 1.54µm Erbium (Er)
emission has been extensively utilized in optical fiber communications, and Europium (Eu)
is commonly used as a red color component for LEDs and fluorescence lamps. For the
realization of spintronic-type devices, a dilutely doped semiconductor that exhibits room
temperature ferromagnetic behavior would be desirable. Such behavior has been observed
in GaN:Er. Furthermore, it was demonstrated that strain may play an important role in the
control of this ferromagnetism; however, this requires further investigation.
One motivation of this work is the realization of an all solid state white light source
monolithically integrated into III/V nitride semiconductor materials, ideally GaN. For this,
the current AlGaAs-based LEDs need to be replaced. One approach for achieving efficient
red emission from GaN is dilute doping with fluorescent ions. In this regard, Eu has consis-
tently been the most promising candidate as a dopant in the active layer for a red, GaN based,
LED due to the sharp 5D0 to 7F2 transitions that result in red emission around 620nm. The
success of GaN:Eu as the active layer for a red LED is based on the ability for the Eu ions
to be efficiently excited by electron hole pairs. Thus, the processes by which energy is trans-
ferred from the host to the Eu ions has been studied. Complications arise, however, from
the fact that Eu ions incorporate into multiple center environments, the structures of which
are found to have a profound influence on the excitation pathways and efficiencies of the
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Eu ion. Therefore the nature of Eu incorporation and the resulting luminescence efficiency
in GaN has been extensively investigated. By performing a comparative study on GaN:Eu
samples grown under a variety of controlled conditions and using a variety of experimental
techniques, the majority site has been concluded to contain a nitrogen vacancy (VN) in its
immediate structure. The nitrogen vacancy can appear in two symmetries, which has a pro-
found impact on the luminescence and magnetic properties of the sample. The structure of
the minority site has also been identified. For both sites, we give substantial evidence that the
excitation efficiency of the red Eu emission is improved by the presence of donor-acceptor
pairs in the vicinity of the Eu.
Furthermore, when Mg was co-doped into GaN:Eu, additional incorporation environ-
ments were discovered that show high excitation efficiency at room temperature. These have
been attributed to the coupling of Mg-H complexes to the majority Eu site. Electron beam
irradiation, indirect and resonant (direct) laser excitation were found to modify these com-
plexes, indicating that vibrational energy alone can trigger the migration of the H, while the
presence of additional charges and excess energy controls the type of reconfiguration and
the activation of non-radiative decay channels. We identify, experimentally, a two-step pro-
cess in the dissociation of Mg-H complexes and propose, based on density functional theory,
that the presence of minority carriers and the resulting charge states of complexes can also
influence this process.
In GaN:Er, we have given a more thorough overview of the optical and magneto-optical
properties by extending to the 800nm excitation range and drastically improving the signal-
to-noise ratio in the magnetic measurements, as well as applying a perpendicular magnetic
field. This has allowed us to calculate g-factors for the parallel case, but revealed that the
Zeeman interaction is not quite linear for perpendicular magnetic fields. We were able to
assign crystal field numbers of µ = 3/2 to two crystal field levels. We have also given strong
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evidence that the strain in the sample, which results from lattice mismatch, enhances its mag-
netization, as seen through fluorescence line narrowing and asymmetry between the Zeeman
transition intensities, under application of magnetic fields in anti-parallel directions.
3
Chapter 1
Introduction
1.1 Motivation
The rare earth elements have been useful for many optoelectronic and photonic applications,
from the use of the 1.54µm Er emission in optical fiber communications, to the phosphores-
cence used for color lamps and displays. However, the mining of rare earth (RE) elements
in the United States has been reduced in recent years, and with China currently holding
95% of the global supply and limiting their export, it is necessary to modify and reduce our
usage of them. Light emitting diodes (LEDs), which are made of RE doped semiconduc-
tors, have the potential to help in this area, but are currently too inefficient for practical use
[McGroarty2012].
Rare earth ions also have magnetic properties that can be exploited when dilute amounts
are doped into non-magnetic semiconductors. Current electronic devices use the manipula-
tion of small magnets to store and communicate information [Arpaci-Dusseau2014]. Charge
can be used to make the process of information storage and transfer more efficient by ex-
ploiting the simultaneous manipulation of the charge and spin of electrons, which has been
studied in the field of spintronics. A spin based transistor would require a semiconductor
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which exhibits room temperature ferromagnetism. Ferromagnetism has already been ob-
served and controlled in GaN:RE; however, the nature of this ferromagnetism and its control
still need to be studied [Nepal2009 and Zavada2010]. Recent studies in our group have
pointed towards strain-induced electric fields as a parameter which controls the ferromag-
netism by coupling the electronic states of the crystal to the magnetic states of the RE ion.
The validity of this explanation has been investigated in this work. A foundation of the
Zeeman effect and effective g-factors for GaN:Er also needs to be established.
1.1.1 Background: Light-Emitting Diodes
To understand the impact that a RE doped LED could have, the basics of current LED tech-
nology need to be introduced. The primary spark for the LED revolution was the demon-
stration of a high efficiency blue, InGaN based, double-heterostructure LED by Nakamura
et al. [Nakamura93a, Nakamura93b, and Nakamura94b]. It was also determined that by
increasing the In concentration and replacing the double-heterostructure with a multi-layer
quantum-well (QW) structure, that the wavelength of the emission shifted and green and
amber LEDs could be produced, and the output efficiency could be substantially increased
[Nakamura95]. While the increase in indium concentration did raise the output wavelength
from blue to green, a further increase to attain red resulted in poor output efficiency, even
using a quantum-well structure [Yamada2002]. This is primarily due to the lattice mismatch
and subsequent strains between the GaN and InGaN-QW layers. Due to the low output
efficiency of red InGaN LEDs, most commercially available red LEDs are made of AlGaAs.
There are two methods for creating a solid state white light source: the first is by using
an InGaN-based UV LED to excite phosphors, and then to use color mixing optics to attain
white emission. To produce a red emission, the device is coated with an europium (Eu)
phosphor that contains a relatively large Eu concentration (30%). As an example, europium
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oxide (Eu2O3) is commonly exploited as a red phosphor in television screens and fluorescent
lamps. The second method for producing white light is to use blue and green InGaN-QW
LEDs and AlGaAs red LEDs, and then color mixing optics to produce white emission.
The production of monochromatic red LEDs, of the same size and luminosity, and with
minimum Eu usage, can be achieved by dilutely doping wide band gap semiconductors, such
as gallium nitride (GaN). The reason that Eu is an ideal dopant is that its emission spectrum
contains sharp transitions centered around 620nm. This wavelength is ideal because the hu-
man eye has the strongest sensitivity to red at around 600nm, which sharply diminishes as
the wavelength is increased above 630nm, as shown in Figure 1.1. GaN:Eu based red LEDs
would also allow for the realization of a solid state white LED where each color source is
monolithically grown with GaN. The trouble with this approach lies in growing GaN:Eu
epitaxial layers that efficiently convert electrical input energy into output emission. Nev-
ertheless, much progress has been made in the last decade [Figure 1.2]. Gallium nitride
grown by Organometallic Vapor Phase Epitaxy (OMVPE) is normally n-type. To make p-
type GaN, Mg is a commonly used acceptor dopant. Mg was used as a co-dopant for GaN:Eu
to observe the effect that the additional dopant had on the optical properties of the system.
This procedure becomes complicated, however, due to the self-compensating nature of the
normally n-type GaN, which changes the excitation mechanisms of the crystal, in addition
to passivating the Mg acceptors. Lee et al. observed that the incorporation of Mg led to the
creation of new Eu environments within the epitaxial layer, some of which had higher exci-
tation efficiencies at room temperature than previous environments [Lee2012]. Therefore, in
order to improve the efficiency of these crystals, the “new” excitation mechanisms need to
be understood.
While the increased efficiency of the Mg co-doped samples is substantial, a degradation
of the emission intensity from the main Mg-related luminescence center was observed under
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Figure 1.1: Relative spectral sensitivity of all three cones of the human eye’s retinal light
receptors in terms of standard color matching functions. For red we note that the most
sensitive wavelength is around 600nm, which is where we want to have the emission for an
effective LED [Schubert2006].
Figure 1.2: Fujiwara plot that shows the increase in output efficiency for GaN:Eu based
LEDs.
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various excitation methods. This effect has been seen and studied in GaN:Mg for years, and
has been attributed to the migration of interstitial hydrogen, as the Mg acceptors become
activated [Lee2013]. Although this system has been extensively studied, the kinetics of this
migration are still left unresolved. However, we will shed further light onto this question in
the present work.
Furthermore, other defects are introduced into the crystal during growth, which can ei-
ther aid or inhibit excitation efficiency. In order to engineer these defects such that maxi-
mum efficiency is achieved, the defects and conditions in which they form and modify need
to be investigated. In order to accomplish this, Cathodoluminescence (CL) and Photolumi-
nescence (PL) are combined to investigate the properties of the excitation mechanisms and
pathways in GaN:RE and GaN:RE, Mg.
1.2 Gallium Nitride (GaN)
Gallium nitride is a III-V semiconductor, where the three valence electrons of gallium form
a covalent bond with the five valence electrons of nitrogen. GaN can have either a cubic or
hexagonal wurtzite crystal structure, which is shown in Figure 1.3. The wurtzite structure is
the stable phase, and is most commonly used in devices. It has a direct band gap energy of
3.4eV, as well as a high thermal conductivity. Its favorable thermal and electrical properties
have made it a popular host material for many optoelectronic applications such as LEDs and
high power electronics. Gallium nitride can be grown by a number of methods; however,
in this work, the samples investigated were grown by either Metalorganic Chemical Vapor
Deposition (MOCVD) or (OMVPE).
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Figure 1.3: Hexagonal wurtzite structure of GaN.
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1.2.1 Doping with Rare Earth Ions
There are 17 rare earth elements, the 15 lanthanides, which start with lanthanum and end
with lutetium, and also scandium and yttrium. The lanthanides begin to fill the 4f shell at
cerium, and it is this shell which is important for our work. Starting with neodymium, a
deep potential well develops at the nucleus and begins to draw in the eigenfunctions of 4f
electrons. These electrons draw inside the the outermost shells, and this low penetration,
coupled with the shielding provided by the outer shells, means that the 4f electrons feel
little of their surrounding environment. The rare earths used in our studies are triply ionized,
which removes all the 5d and 6s electrons, as well as one 4f electron. When these ions are
placed in a crystal field, the shielding of the remaining 4f electrons by the completely filled
5s and 5p shells allows for sharp optical transitions, where the energies are calculated as free
ion energies perturbed by a crystal field.
The samples in our studies were supplied by two leading groups on the growth of GaN:RE.
Hongxing Jiang, of Texas Tech University, has provided GaN:Er grown by MOCVD. Ya-
sufumi Fujiwara, of Osaka University, has provided GaN:Eu samples grown by OMVPE,
which are also co-doped with Mg and Si. For the experiments concerning the connection
between strain and ferromagnetism, the RE dopant is erbium. For the work on understand-
ing the excitation mechanisms of RE ions for LED application, we focus on europium as a
dopant. Eu was also used as a probe into the GaN:Mg system. For these samples, Rutherford
Backscattering experiments have shown that the RE ions tend to occupy Ga vacancies within
the crystal [Makarova2008] and [Li95]. This places the RE in a lattice site with high C3v
symmetry, but may be reduced by local defects such as vacancies.
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Figure 1.4: The minimum-energy configuration of H in Mg doped wurtzite GaN, calculated
by density-functional theory. The H sits as an interstitial, which passivates the Mg accep-
tor[reproduced from Meyers2002].
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1.3 Mg doped GaN
1.3.1 Role of Hydrogen
To make GaN:RE applicable to electronic devices, both p-type and n-type crystals must be
engineered. GaN, grown by OMVPE, has an unintentional tendency to be n-type, which is
believed to be due to the presence of intrinsic nitrogen vacancies [DenBaars2000]. To make
GaN p-type, it is doped with Mg, which only has two valence electrons, and therefore, taking
the place of a gallium (three valence electrons), leaves behind a hole in the valence band. The
hydrogen atoms, which are interstitial, have been shown to donate their electrons to the Mg
atoms, which sit on Ga sites. This leads to the passivation of the p-type GaN [Nakamura92].
This passivation occurs due to the formation H −Mg − N complexes within the crystal.
Density Functional Theory has been used to predict the lowest energy configurations of these
complexes, which is shown in Figure 1.4 [Meyers2002 and Van De Walle95].
1.3.2 Effects of LEEBI
Due to the passivation phenomenon, the progress of GaN was inhibited until 1989, when
Hiroshi Amano showed that electron beam irradiation could break these complexes up, and
result in p-type conduction [Amano89]. The mechanism behind this has been extensively
studied and debated. There are two categories of samples which are studied; the first is
as-grown GaN:Mg and the second is GaN:Mg which has been thermally activated. To un-
derstand these experiments one must understand the photoluminescence spectra associated
with GaN:Mg. There are four main regions of interest, the near band edge (NBE) emission
around 3.4 - 3.1eV (363-400nm), the blue emissions region around 2.8eV (443nm), the yel-
low emission region around 2.1eV (590nm) and the red emission around 1.8eV (688nm).
The intensities of the NBE and blue emission are connected to the Mg concentration in
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GaN:Mg. Higher Mg concentrations lead to more 2.8eV emission, while more lightly doped
samples show more NBE emission [Reshchikov99].
In the NBE region there is the 3.41eV band edge emission and a 3.36eV emission peak,
which are found in un-doped GaN [Li96, Kiode2002and Criado2000]. Li et al. saw that, at
room temperature, the 3.27eV peak increased significantly relatively to the peak at 3.41eV.
At 300K, this effect saturated after 52ms; however, when these measurements were per-
formed at 5K, it saturated after 1.7ms. After this saturation, the 3.27eV peak decreased and
subsequently shifted to 3.14eV in Figure 1.5. From this, it can be inferred that the dissocia-
tion of the Mg − H complexes occurs in at least two stages. The first is easily seen in the
work of Li et al. and Koide et al. [Li96 and Koide2002]. In these works, the decrease in
3.36eV emission and increase in 3.27eV emission is attributed to the breaking of the Mg-H
complex, and the migration of the hydrogen to a nearest neighbor nitrogen vacancy (VN).
The formation of (VN) - H complexes is predicted by Van De Walle, but is not thought to
occur post growth, due to the charges of the H and the (VN) [Van De Walle97]. However,
as Meyers et al. pointed out, the electron beam can charge the H ion, and it is predicted that
the H then has a strong energetic preference towards the (VN) [Meyers2002]. The second
step was also noticed by Li et al., but is the main focus of the work performed by Gelhausen
et al. [Gelhausen2002, 2003 and 2004]. Li et al. experimented with as-grown crystals, and
so they saw the first step mentioned above, but also the second step, which occurred at 5K,
as the shift of the 3.27eV peak to lower energies, with a lower intensity. Gelhausen et al.
worked with pre-activated, p-type GaN:Mg and therefore could only witness the second pro-
cess. They did in fact observe the decrease in the 3.27eV emission and a rise in a 3.14eV
peak, which they could resolve with their method at 5K [Gelhausen2004], as seen in Figure
1.6. At room temperature they did see the same increase in the 3.27eV peak as seen by Li et
al. depicted in Figure 1.7. This could be attributed to their samples not being fully activated
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Figure 1.5: Spectra of as-grown GaN:Mg taken before and after electron beam irradiation
at 300K (top) and 5K (bottom). These have a low spectral resolution, but the temperature
dependence and multiple stages of dissociation are clear. At 300K, there is a shift and an
increase which occur relatively slowly (approximately 52ms). At 5K, there is also a shift
and an increase, but a subsequent decrease, all of which occur much faster than at 300K
(33ms). The insets of each figure shows the ratio of the integrated intensity to the original,
as a function of time [Li96].
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Figure 1.6: Spectra of activated GaN:Mg taken before and after electron beam irradiation at
5K, after various time intervals. The lower part of the figure shows the difference from the
original spectra for each subsequent spectra [reproduced from Gelhausen2004].
Figure 1.7: Spectra of activated GaN:Mg taken before and after electron beam irradiation
at 300K. The inset contains integrated spectra, where the initial spectrum was subtracted
from the subsequent spectra taken after sustained electron beam irradiation [reproduced from
Gelhausen2002].
15
by the thermal anneal, or the opening of other radiative channels at the same energy, such
as a free to bound electron transition, could also be responsible. Also at room temperature,
Gelhausen et al. observed an increase in the yellow luminescence after electron beam irra-
diation, while at 80K they saw no such increase, and this would mean that the two processes
are more favorable at different temperatures as was also seen by Li et al. [Gelhausen2003].
1.3.3 Effects of Thermal Annealing
It was discovered by Nakamura et al. that thermal annealing also dissociated the Mg − H
complexes [Nakamura92]. It was observed that annealing the sample, in a N2 ambient at
700◦C caused a large increase in the peak around 2.7eV, but a further anneal at 800◦C de-
creased the signal below its original level, as seen in Figure 1.8. The 700◦C anneal led to
a large reduction in resistivity and was associated with the dissociated Mg −H complexes.
There was no further change in resistivity after the 800◦C anneal, and therefore the reduction
in intensity was attributed to the opening of H passivated non-radiative channels. Later in
1996, Gotz et al. performed a similar experiment, but with lower anneal temperatures and
higher resolution [Gotz96]. They saw an increase and shift from 3.27eV to 2.8eV after a
500◦C anneal, and then a decrease in intensity and further shift after 700◦C anneal. After
775◦C there was little signal left. Shahedipour et al. performed measurements using acti-
vated GaN:Mg and also saw that at 650◦C and 700◦C there was a decrease in the 3.27eV
peak and an increase in the 2.8eV as well as a decrease in intensity [Shahedipour2000]. This
process became less pronounced with increasing anneal temperatures.
This process shares certain characteristics with the LEEBI activation, but it appears that
the 2.8eV emission seems to be more dominant, which could be a result of the the thermal
annealing, but also growth parameters; i.e., higher Mg concentrations, which have been
known to favor the 2.8eV emission. The lack of charging means that the process could be
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Figure 1.8: Spectra of GaN:Mg (a) taken as-grown, (b) after anneal at 700◦C, and (c) after
anneal at 800◦C [Nakamura92].
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quite different from the LEEBI and this discrepancy is something we have investigated, in
this work.
1.3.4 Role of Nitrogen Vacancies
The importance of nitrogen vacancies (VN ) in the passivation of Mg-doped GaN has been
extensively explored. The broad red and yellow luminescence around 1.8eV and 2.2eV has
been attributed to Mg − VN complexes, possibly without the presence of H [Meyers2006,
Yan2012, You2007 and Zeng2006, Lee2013]. Meyers has considered the complex with the
H present. Since the samples we investigated contained a large concentration of H, this is
the model we have adopted. For our work, this complex can take on a number of charge
states; however, the +3 and +1 states, corresponding to V 3+N and a neutral Mg −H and V 3+N
with a Mg− and H− respectively, are the most energetically favorable. It should be noted
that the charge is thought to be distributed amongst the entire complex, and not at a specific
atom. The hydrogen can move within this complex and form different configurations. We
have worked in conjunction with Donghwa Lee from Lawrence Livermore National Lab, in
developing a model for the three most energetically favorable configurations and how they
form as a function of Fermi level. The three complexes, labeled Mg1-3, are shown in Figure
1.9. The VN has been shown to increase the favorability for a Mg−H complex to be near a
Eu ion in Mg co-doped GaN:Eu. This will be explained in more detail in Chapter 6.
Several experimental studies have previously reported the change in the visible-range
optical spectra under various treatments for the Mg− VN −H complexes in GaN:Mg. Very
low red emission, observed in resistive Mg-doped GaN, disappeared after LEEBI treatment,
but increased again during annealing in an NH3 ambient above 600◦C. This emission was
destroyed after subsequent N2 annealing and LEEBI [Nakamura92-2]. Similarly, a decrease
in the red luminescence and an increase in a broad yellow peak were also observed with
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Figure 1.9: Three different Mg-H-VN configurations obtained from hybrid calculations. Mg1
is the most energetically favorable configuration for the +3 charge state. For the +1 charge
state, the Mg2 and Mg3 configurations are energetically lower than Mg1, with Mg2 being
the most energetically favorable for the +1 charge state [Courtesy of Donghwa Lee].
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increasing Mg concentration [You2007 and Zeng2006]. The red peak also decreased and the
yellow luminescence appeared, after LEEBI, at 300K [Gelhausen2003]. It is evident that the
migration of H is associated with the change in optical luminescence of Mg-doped GaN, and
that a VN is at the heart of it.
1.4 Strain effects
Thin film samples grown on various substrates develop strain when the lattice constant of
the film layer does not match that of the host crystal. While Gallium Nitride is primarily
grown on a substrate of c-plane sapphire, there are interesting effects which result from GaN
being grown on different substrates, which will provide varying degrees of lattice mismatch
[Woodward2011]. The two forms of strain are a compressive strain, which is caused when
the layer has a larger lattice constant than the substrate, and the other is its opposite, a tensile
strain. From this strain, electric fields are induced, due to the piezo-electric effect, within
the thin film crystal, which subsequently change the electric polarization of the host. This
polarization can have an effect on both the dielectric and magnetic properties of the crystal
[Yong2007]. If the dopant ion couples to the electric structure of the host crystal, these po-
larization fields can affect the magnetic states of the ion itself. Based on the piezo-electrical
properties of GaN, this strain can contribute to the electric displacement via the creation of
a net polarization given by,
P = d · T (1.1)
where d is the piezoelectric tensor and T is the stress tensor [Bykhovski93] . The intrinsic
electric and strain induced piezoelectric field has been studied in GaN and has been known to
cause several device issues in multiple quantum well structures [Takeuchi98]. The strength
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of the polarization due to the strain, along the c-axis, can be written as,
P =
2d31

(
c11 + c22 − 2 (2c12)
2
c33
)
xx (1.2)
where d31 is the piezoelectric constant, cij are the elastic constants,  is the static dielectric
constant and xx is the fractional strain given by asae − 1, where as and ae are the lattice
constants of the substrate and the epitaxial layer, respectively [Bykhovski93]. A stressed III-
V nitride will have a polarization pointing in one direction, depending on the type of stress,
and the resultant electric field will be in the opposite direction [Smith86].
1.5 Objectives of this Work
1. Determine the effect of LEEBI on the Mg-related centers in GaN:Eu
2. Clarify the similarities and differences between the LEEBI and thermal annealing
degradation in GaN:Eu, and see if these can provide insights on the GaN:Mg system.
3. Identify the structures of the majority and minority centers in GaN:Eu
4. Identify the mechanism responsible for high excitation efficiency in GaN:Eu and de-
termine how it can be optimized
5. Further demonstrate the link between strain and asymmetry in GaN:Er and determined
if/how it can be manipulated
6. Calculate the crystal field energies for the 4I 9
2
level in GaN:Er
7. Calculate the g-factors for the lowest two levels in GaN:Er, for both applied field
directions
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Chapter 2
Theoretical Considerations
In this section the theoretical procedures for determining and calculating the energy levels of
the RE ions will be outlined, as well as the expected number of levels that one would expect
when the ions are placed in a crystal field with C3v symmetry. We will also determine the
effects of introducing a magnetic field either perpendicular or parallel to the c-axis. All the
calculations in the following sections will require a baseline understanding of group theory.
2.1 Overview of Group Theory
In order to aid in the understanding of the operations of group theory for the “harder” sym-
metries to come, we will introduce the fundamentals of group theory and its consequences
for D3 symmetry, or the symmetry of an equilateral triangle (Figure 2.1). This section will
be based, as a summary on examples given by Wybourne and Tinkham. For a more thorough
explanation see [Tinkham60 and Wybourne65].
A major goal of group theory is to classify the various symmetry groups based upon
specific symmetry operations which, when performed, leave a system with that symmetry,
unchanged. While much of what’s to come is purely mathematical, it unveils many useful
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Figure 2.1: An equilateral triangle with D3 symmetry, center O and sides A, B and C
physical properties. There are six categories of operations that can be performed on a sys-
tem, which can transform it in a way that it appears unchanged. Three of these symmetry
operations are important to us and they are:
E The identity operation, which leaves the system unchanged.
Cn A rotation of 2pin about an axis of symmetry.
σν A reflection in the plane of symmetry which contains the axis with the largest number of
symmetrical axes.
These operations can be performed on a GROUP, which is a set ofm elementsA1, A2, . . . , Am
that obey four postulates:
1. It must contain an identity element
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2. When a group element is multiplied by another group element, the result is also an
element of the group.
3. For every element there must exist an inverse which, when multiplied by the original
element, produces the identity element.
4. The associative law is valid
Note: If the commutative law holds then the group is called an Abelian group.
The easiest way to elucidate these properties is to create a group multiplication table that
shows which element is formed from the product of two other elements. The multiplication
table for the D3 symmetry group is shown in Table 2.1.
Table 2.1: Multiplication table for the D3 symmetry group.
In the table, the elements C2(1)−(3) stand for a rotation of pi about the axis OA, OB, and
OC, respectively. The operation C23 is a clockwise rotation of
4pi
3
(or counterclockwise of 2pi
3
)
about the principal axis. These operators form CLASSES, which combine elements based on
an identical physical function. The D3 group has three classes. These classes are the identity
element, which always forms a class of its own, a rotation of 2pi
3
about the principal axis
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either clockwise or counterclockwise (C3 and C23) and the rotation about the three symmetry
axes C2(1− 3).
Another important aspect of group theory is the idea of representations. The elements
of a group can be constructed into numbers or matrices which, if they multiply the same
way as they do in Table 2.1, for example, are called a representation of the group. Most of
the representations are purely mathematical in nature and therefore difficult to visualize, but
their existence has profound physical consequences. A representation is said to be reducible
if an operation that leaves the representation physically equivalent is performed and block
diagonalizes the representation into what is known as an irreducible representation.
There are 32 known point groups in group theory which each have their own irreducible
representations, and have already been tabulated by [Kovalov65]. I state, without proof,
that an important theorem in group theory is that the number of irreducible representations
a group contains is equal to the number of classes it contains. Therefore, the D3 group has
three irreducible representations since it contains three classes.
It is also important to determine the dimensions of the representations. The total number
of elements in a group is equal to the sum of the dimension of the irreducible representations
squared. With this knowledge, one can determine how many irreducible representations have
a certain dimension. It is therefore not necessary to form multiplication tables or construct
the irreducible representations in order to know their number or dimensionality.
Lastly, the CHARACTER of a matrix is defined as the trace of the matrix. The charac-
ter for every element in a class is equivalent and so we don’t need to distinguish between
elements; we will simply state how many elements exist in a class with a prefix. From this
we can construct character tables, which tabulate the characters of each class, as a function
of an irreducible representation. Table 2.2 shows the character table for D3. An important
physical application of this is that the character of a reducible representation is the sum of
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the characters of the irreducible representations it decomposes into. This tells us how a re-
ducible representation is constructed of irreducible ones. This information will be important
to us as we try to classify the possible electron configurations and energy levels of the RE
ions and also to determine the number of crystal levels they will split into, once subject to
crystal fields of a given symmetry.
Table 2.2: Character table for the D3 symmetry group.
2.2 Calculation of RE Ion Energy Levels
2.2.1 Classification of the 4fn Configurations
In order to calculate the energy levels for a 4f electron we need to remember that all the
closed shells are spherically symmetric, don’t remove degeneracies and can therefore be
neglected. We simply need to write out the Hamiltonian for the 4f electrons themselves:
H =
~2
2m
N∑
i=1
∇2i −
N∑
i=1
Z∗e2
ri
+
N∑
i<j
e2
rij
+
N∑
i=1
ζ (ri) si · li (2.1)
The summation is from 1 to 14, but it will only be necessary to have a generalized pro-
cedure for N = 1 − 7, since for N > 7 we simply have the same configuration as N < 7,
but with electrons replaced by holes. The only effect of this is the reversal of the J ordering
according to the Hund’s rules. The first two terms in the Hamiltonian are the kinetic energy
26
and Coulomb interaction with the nucleus, of the 4f electrons. These terms are spherically
symmetric and simply add a constant to all energies and so will be set to zero. This leaves
the last two terms, which are the Coulomb interaction of the 4f electrons with each other
(Hc) and their spin orbit interaction (Hso), respectively.
When either interaction is much larger than the other we can consider them separately,
which makes things much easier. For the case of Hc << Hso we have Russel Saunders
coupling (LS), where the ~` of each electron add to a total orbital momentum ~L and the ~s
combine to form a total spin ~S and then these combine to form a total angular momentum
~J . If Hc >> Hso we have JJ coupling, where each ~` and ~s form a ~ji = ~`i + ~si and then
combine to form a total ~J =
∑
i=1
~ji. For the REs, these interactions are of the same order
and so we have to use the much more complicated intermediate coupling scheme. What this
means is that we have to consider both interactions at the same time. Since Hc is diagonal
in | `,m` > and | s,ms > and Hso is diagonal in | J,MJ > we have to choose a basis that
can accommodate both of these properties. It is customary that we choose the LS coupling
basis, in which the basis vectors have the form | SLMSML >. Since Hso is diagonal in
J , we must set up energy submatrices that have the same J , but are made up of states with
different L’s and S’s. Once we determine all the matrix elements for these submatrices, we
must diagonalize them, which will give us states, within the total 4fN configuration, that are
degenerate in MJ . This is repeated for all values of J , which will give us the whole energy
scheme for that 4fN configuration.
The total number of terms of the form SL can be calculated by the traditional procedure
laid out by Condon and Shortley [Condon35]. This involves tabulating all the TERMS or
combinations of L and S and then determining which of these are allowed according to the
Pauli Exclusion Principle. This method is entirely valid, but for N > 2 for 4f electrons, can
be quite cumbersome since there are many terms formed from the same L and S.
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We define a STATE as a term with the additional specification of a given J and MJ . For
states with the same L and S, we must add a new quantum number τ which contains all
quantum numbers necessary to distinguish them from each other. These states take the form
| SLJMJτ >. The process of determining allowed states and uniquely defining them was
made infinitely more feasible by the works of Racah [Racah42-49].
Racah found that these states could be systematically classified by their properties under
certain groups of transformations and then the properties of the groups could be used in
order to simplify matrix element calculations. The precise derivation of all that follows is
too lengthy and requires a mathematical knowledge far beyond the scope of this work. For
a detailed account of the derivations and to, in general, understand the following paragraph,
see [Judd63].
For a state in the 4fN configuration, the normal classification of the states due to the
ordering of their total spin S is equivalently made by enumerating all the irreducible repre-
sentations of the U7 group, which are all the unitary transformations of the seven dimensional
space spanned by the orbital states, m` = −3, . . . , 0, . . . , 3, for an f-electron. These repre-
sentations are defined as the division of N into seven fundamental parts, the classification
of states obtained this way is analogous to the classification obtained by specifying the total
spin (S) of a state. Furthermore, when U7 is restricted to R3, the classification, according to
the total orbital angular momentum quantum number L, is analogous to using the irreducible
representations of DL contained in R3, the three dimensional rotation group, into which the
irreducible representations of U7 break down into.
We can also classify the states according to the seven dimensional rotation group R7.
These irreducible representations are characterized by the three integers W (w1, w2, w3).
These break down into the irreducible representations of the subgroup G2, once R7 is re-
stricted to it. The representations ofG2 are characterized by two additional numbersU(u1, u2).
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Another quantum number, which is equivalent to W that is sometimes used, is the se-
niority number, ν. In essence all the seniority number does is label a term according to the
electron configuration in which it first appeared. To clarify, there are terms in theN = 6 con-
figuration that first appear in the N = 2 configuration and so are given the seniority number
ν = 2. With these classifications and additional quantum numbers we obtain a completely
unique label for each state. All allowed states for the f 3 and f 6 configurations, except the
singlet states of f 6, are given in Table 2.3 [taken from Wybourne65].
Table 2.3: Allowed electron configurations for f 3 and f 6.
2.2.2 Calculation of Matrix Elements: A Tensor Operator Approach
The obtain the energy level structure resulting from a Coulomb interaction, we must calculate
matrix elements of the form,
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< SLJMJτ |
N∑
i<j
e2
rij
|S ′L′J ′M ′Jτ ′ > . (2.2)
TheHc commutes with L2, S2, J,MJ, the matrix elements will be diagonal in L and S, but
not τ , and are independent of J and MJ . To calculate these, we will simplify the calculation
by expanding the interaction of every pair of electrons into Legendre polynomials:
e2
rij
= e2
∑
k
rk<
rk+1>
Pk(coswij), (2.3)
where wij is the angle between the vectors from the nucleus to the other two electrons,
and r< and r> represent the distance from the nucleus to the nearest and further electron,
respectively. The Legendre polynomials (Pk) can be written in terms of spherical harmonics,
Pk(coswij) =
(
4pi
2k+1
)∑
q
Y ∗kq(θi, φi)Ykq(θj, φj)
=
∑
q
(−1)q(Ck−q)i(Ckq)j
= (Cki ·Ckj), (2.4)
where the Ckq are tensor operators, which we define as,
Ckq =
(
4pi
2k + 1
) 1
2
Ykq. (2.5)
With this assignment, the matrix elements in Eq. 2.... can be re-written as
∑
k
e2 < SLτ |
∑
i<j
rk<
rk+1>
(Cki ·Ckj)|SLτ ′ > . (2.6)
We would like to establish a generic formula for computing matrix elements of the form
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given in Eq. 2.5, in momentum space. The extensive derivations for all forthcoming equa-
tions are given by [Judd63 and Wybourne65]. I simply wish provide enough background to
the reader so that there isn’t too much discontinuity between where the equations come from
and how they are used in the following sections. With that said, we must determine the form
and transformation properties of tensor operators that have commutation relations which are
identical to the Legendre polynomials, with the angular momentum operator J . A tensor
operator that obeys this principle, according to Racah, is an irreducible tensor operator of
rank K, which we’ll label either Tkq or Ukq, which has 2k + 1 components, and where q is
an integer which ranges from −k to k. The simplest case involves matrix elements between
two states of the form |JMJ >, where the dependence on the projection quantum number
MJ for these states can be see through use of the Wigner-Eckart theorem,
(γJMJ |Tkq|γ′J ′M ′J) = (−1)J−MJ < γJ‖Tk‖γ′J ′ >
 J k J ′
−MJ q M ′J
 . (2.7)
< ‖‖ > are reduced matrix elements, and the last factor in parenthesis are the so-called 3− j
symbols. These along with the 6 − j symbols that we will encounter later have all been
calculated and tabulated by [Rotenburg69]. It is common to normalize < `‖Tk‖` > such
that
< `‖Tk‖`′ >= 1 (2.8)
All reduced matrix elements must be calculated, and some common normalizations for them,
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given this convention are,
< `‖l‖`′ >= δ``′ [`(`+ 1)(2`+ 1)] 12 (2.9a)
< s‖s‖s′ >= δss′ [s(s+ 1)(2s+ 1)] 12 (2.9b)
< `‖Ck‖`′ >= (−1)` [(2`+ 1)(2`′ + 1)] 12
` k `′
0 0 0
 . (2.9c)
Since the spin orbit interaction contains the product of two operators which act on ONLY
‖`,m` > or ‖s,ms >, it is important to expand (eq 2.3) to include the product of tensor
operators which we’ll call,
XKQ =
∑
q1,q2
Tk1q1Uk2q2 (2K + 1)
1
2 (−1)k1−k2+Q
k1 k2 K
q1 q2 −Q
 = {Tk1 · Uk2}KQ (2.10)
We will say thatTk1 only act on states of j1 and Tk2 only act on states of j2, where j1 and j2
combine vectorially to make a total J . In the case of the spin orbit interaction, j1 and j2 are
the spin and orbital angular momenta, respectively. In our case, k1 = k2 = K and K = 0,
which has the bonus effect of making the matrix elements of such an operator diagonal in J
and MJ . The matrix elements of the operator in this system would take the form,
< γj1j2JMJ |Tk · Uk|γ′j′1j′2J ′M ′J >= (−1)j
′
1+j2+J δJJ ′δMJM ′J
×
j′1 j′2 Jj2 j1 k
∑
γ′′
< γj1‖Tk‖γ′′j′1 >< γ′′j2‖Uk‖γ′j′2 > . (2.11)
Shown in curly brackets are the 6−j symbols, and while the matrix elements for the Coulomb
interaction can be solved quite clearly for the two electron system, the importance of the
classification of the states and their group transformation properties becomes apparent for
systems with more than two equivalent electrons.
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All the Coulomb matrix elements for the 4fN configurations have been calculated by
Neilson and Koster and are given as combinations of ”Racah Coefficients” (E) derived by
Racah as,
E =
3∑
k=0
ekE
k (a) (2.12)
where the E ′s are combinations of slater integrals such as,
E0 = F0 − 10F2 − 33F4 − 286F6 (2.13a)
E1 =
1
9
(70F2 + 231F4 + 2002F6) (2.13b)
E2 =
1
9
(F2 − 3F4 + 7F6) (2.13c)
E3 =
1
3
(5F2 + 6F4 − 91F6) . (2.13d)
The F ′ks are the Slater integrals where the ratios to F2 can be estimated, quite accurately, by
assuming hydrogenic wavefunctions, and the result is,
F4
F2
= 0.1381 and
F6
F2
= 0.0151. (2.14)
Substituting these into equations 2.8 (a− d) we have,
E0 = −18.87F2, E1 = 14.68F2, E2 = 0.0769F2, E3 = 1.485F2 (2.15)
after which the F2 can be left as an open parameter to be fit to experimental data along with
the spin orbit parameter ζ . Note: the F0 is normally set to zero. As for the matrix elements
for the spin orbit interaction, they can be calculated by using Eq. 2.11 and Eq. 2.9b, which
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yield matrix elements of the form:
< `NSLJMJ |
N∑
i=1
(si · li) |`NS ′L′J ′M ′J >= ζ (−1)J+L+S
′
δJJ ′δMJM ′JL L′ 1S ′ S J
× < `NSL|
N∑
i=1
(si · li) |`NS ′L′ > . (2.16)
This for 4fN electron configurations becomes,
< fNSLJMJ |
N∑
i=1
ζ (ri) si · li|fNS ′L′J ′M ′J >= ζ
√
84 (−1)J+L+S′ δJJ ′δMJM ′JS S ′ 1L′ L J
 < fNSL‖V11‖fNS ′L′ > (2.17)
where V11 is the tensor operator product that is used to evaluate the matrix element on
the right hand side of Eq 2.17, such that it retains and transforms according to the group
properties that define the states on which it acts. All the V11 matrix elements have been
calculated and tabulated by Neilson and Koster [Neilson63].
2.2.3 Construction and Diagonalization of the Energy Matrix for the
J = 0 Levels of Eu
In essence all one needs in order to calculate the energy levels of the rare earth ions is Eq.
2.17, a knowledge of the F2 integrals and spin orbit parameters ζ , and lastly values for the
V11 matrix elements, Coulomb matrix elements and 6 − j symbols. To put this all together
and make the process more clear, I will construct and diagonalize the J = 0 energy matrix
for Eu.
The electron configuration for Eu is f 6, since Eu has six electrons in its partially filled
4f shell. The first thing to do is to figure out which terms can have J = 0. This requires use
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of the triangle condition for angular momentum addition which restricts the values of J to
L + S ≥ J ≥| L − S |. Therefore, the only case where J can be zero is for terms where
L is equal to S. The next rule has to do with the likelihood of interaction between electrons
belonging to certain states. All states that differ by more than one in the highest multiplicity
of S, don’t contribute to the energy matrix. A further approximation is that all states with
L = 0, where the corresponding S value isn’t the highest multiplicity, are not considered in
the evaluation of matrix elements [Judd63]. Thus, according to Table 2.3, we have only to
calculate the matrix elements between the terms, 3P , 5D and 7F . There is only one term for
7F , while 5D appears three times and 3P occurs six times, which means we have to solve a
10 × 10 matrix. This matrix is symmetric and so the number of elements which need to be
calculated is less than 50.
Table 2.4: Parameters used for the calculation of the J = 0 energy matrix in Eu.
A paper by Ofelt in 1962 gives values for F2 and ζ which, along with the 6− j symbols
and values for E1, E2 and E3, are given in Table 2.4. The coulomb matrix elements andV11
matrix elements are given in [Nielson63] and the matrix without putting in values for the E’s
or ζ is given in Table 2.5.
Upon putting in the values for E and ζ , diagonalizing the matrix, and setting the lowest
eigenvalues to zero, the energies for the 7F0, 5D0 and 3P0 states are determined to be 0,
17,602, and 35,869cm−1, respectively. This would correspond to a value of 568.5nm for the
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Table 2.5: Energy matrix for J=0 of f 6.
7F0 to 5D0 transition, a mere 1.5% discrepancy with transitions centered around 578nm, that
are observed in free ions.
2.3 Additional Perturbations
2.3.1 Crystal Field
Once the eigenvalues and eigenfunctions have been found in the intermediate coupling scheme,
one can add on the crystal potential V as an additional perturbation. The new unperturbed
eigenfunctions are spherically symmetric in the absence of a crystal field, and therefore the
crystal field potential can be expanded in terms of the tensor operators of the form Ckq,
which we will now writeCkq which is a common form in theoretical crystal field theory. This
gives us,
V =
∑
k,q,i
Bkq
(
Ckq(θi, φi)
)
. (2.18)
The Bk′q s are expansion coefficients, which have the properties that for equivalent f elec-
trons, they only yield non-zero values for K = 2, 4, and 6. Furthermore, for C3v symmetry,
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q only takes on values of 0, 3 and 6 and so,
V = B20C
2
0 +B
4
0C
4
0 +B
4
3
(
C4−3 − C43
)
+B60C
6
0 +B
6
3
(
C6−3 − C63
)
+B66
(
C6−6 + C
6
6
)
. (2.19)
The matrix elements for the crystal perturbation between the known eigenfunctions are given
by,
< fNSLJMJ |V|fNS ′L′J ′M ′J >=
∑
k,q
Bkq < f
NSLJMJ |Ukq |fNS ′L′J ′M ′J >< fN‖Ck‖fN > .
(2.20)
The matrix elements forUkq are diagonal in spin and can be reduced to,
< fNSLJMJ |Ukq |fNS ′L′J ′M ′J >= (−1)J−MJ
 J k J ′
−MJ q M ′J
× < fNSLJ‖Uk‖fNS ′L′J ′ > .
(2.21)
where,
< fNSLJ‖Uk‖fNS ′L′J ′ >= (−1)S+L+J ′+k ([(2J + 1) (2J ′ + 1)]) 12 ×J J ′ kL′ L S
 < fNSL‖Uk‖fNSL′ > (2.22)
Here the final reduced matrix elements have been tabulated [Koster63]. In practice one
solves for these elements and the Bk′q s are used as fitting parameters to fit experimental data.
It should be noted that while the axial termsUk0 will split levels of differingMJ , the otherU
k
q
terms will mix states where the MJ differ by q. For the case of C3v symmetry the levels will
be mixed according to states which differ by units of three. The determination of the crystal
field quantum numbers for cases of odd number of electrons and even number of electrons
are shown in Figures 2(a) and (b) respectively. The µ remain good quantum numbers even
when J and MJ cease to be. This leads us into the final perturbation we will consider, the
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application of a magnetic field.
Figure 2.2: Graphical determination of the crystal field quantum numbers for odd number of
electron systems (a) and even number of electron systems (b).
2.3.2 Magnetic Field: Zeeman Effect
To find the energies of a system under the application of a magnetic field, we need to calculate
matrix elements for the Zeeman perturbation,
Hz = µBB · (L + 2S) . (2.23)
This is done one of two ways. The first is used when the crystal field perturbation is much
larger than the Zeeman interaction, in which case one uses the eigenstates of the various
multiplets after diagonalizing the matrices described above. The other method is used when
they are of approximately equal magnitude, and the procedure is to solve both at the same
time, which is similar to the process used previously for intermediate coupling. In the very
general case, J and MJ are no longer good quantum numbers because, as stated above,
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the non-axial terms Ukq will mix states of different MJ . Therefore, using the irreducible
representations are the only guaranteed way to uniquely define a state, and can be used to
figure out which levels will split in a magnetic field. The matrix elements for the parallel
Zeeman interaction are of the form,
< fNγ δΓr|Lz + 2Sz|fNγ′ ρΓs > . (2.24)
while the perpendicular elements are,
< fNγ δΓr|Lx + 2Sx|fNγ′ ρΓs > . (2.25)
The method for determining which levels will split will be described in the next section;
however, I will quickly show the form of the matrix elements in a crystal like GaN, assuming
uniaxial symmetry. The matrix elements for the parallel Zeeman term between crystal states
with the same MJ are,
< JMJ |Hz‖|JM ′J >= µBgJH‖δMJM ′J . (2.26)
The crystal states of mixed MJ can be expanded as,
| 〉 = a1|JMj1〉+ a2|JMj2〉+ . . . (2.27)
and the matrix elements become,
< JΓ|Hz‖|JΓ′ >= µBgJH‖[|a1|2Mj1 + |a2|2Mj2 + [. . . ] (2.28)
Here, the splitting factor is everything besides the magnitude of the magnetic field. For a
perpendicular field, it is shown in [Wybourne65] that there exist nonzero matrix elements
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between states where MJ differs by ±1. These take the form,
< JMJ |Hz⊥|JMJ±1 >=
1
2
gJµBH⊥[(J ∓MJ) (J ±MJ + 1)] 12 . (2.29)
The perpendicular effect will only show a linear Zeeman effect for µ = ±1
2
and so we can
easily identify which transitions come from, or go to, levels with µ = ±1
2
, by examining
spectra.
2.4 Group Theory for C3v Symmetry
2.4.1 Overview
A free ion is invariant under rotations of R3; however, when this symmetry is reduced by
placing the ion in an external crystal field, it is only invariant under the symmetry operations
associated with that subgroup. Each subgroup will be associated with irreducible represen-
tations that are contained within the reducible representations of R3. The number of crystal
field levels as well as their degeneracies can easily be extracted once we know, for each J
value, how many times the irreducible representations appear in the reducible representations
of R3. For this we must construct character tables to tabulate the characters of all symmetry
operators common to both R3 and, in our case, its subgroup, C3v.
For any rotation of an angle φ about any arbitrary axis, the character of an irreducible
representation DJ contained in R3 is,
χ (φ) =
sin[(2J + 1) φ
2
]
sin[φ
2
]
(2.30)
The characters for integral values of J are single valued for rotations of 2pi, while the char-
acters for half-integer values of J are double valued. This means that we must obtain double
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valued representations, the method for which is outlined by [Bethe29]. Basically, Bethe
created the idea that, for double valued representations, the crystal goes into itself under ro-
tations of 4pi rather than 2pi. A new group element which rotates the other elements by 2pi
is introduced and the new elements are designated by an underline. Note, that while the C3v
double group contains twice as many elements and classes, having twice as many classes is
not always true for other double groups.
For C3v symmetry, there are three classes: E, 2C3 and 3σν . For the double group, these
three classes exist along with their counter parts, which are underlined. The character table
for the entire double group is given in Table 2.6. The representations have special names
which are given along with the irreducible representation for which they stand. The crystal
field quantum numbers introduced in Section 2.3.1, are also given for each representation.
The functions for the first three representations show how those representations transform
and will be very useful in the following section.
Table 2.6: The character table for theC3v double group. The single group is contained within
the dotted lines.
The three classes are as follows: E is equal to a rotation of φ = 0, 2C3 are the two
elements that rotate the system through φ = ±2pi
3
about the c-axis and 3σν are the three
elements which rotate the system through φ = pi, perpendicular to the c-axis. The character
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tables for all the classes of the C3v double group contained in the integer and half-integer
representations DJ of R3, are given in Tables 2.7 and 2.8, respectively. For J = 2, we can
see that the only way to obtain these characters is to have one 1Γ1 and two 2Γ3 contained
within J = 2. This means that a level with J = 2 will split into three crystal field levels.
Since overall each J level is 2J+1 degenerate, we can see that two of these levels will remain
doubly degenerate, where the degeneracy can be lifted by a magnetic field. By repeating this
for all values of J , we can construct the reduction tables for the case of R3 restricted to C3v
for integer and half-integer J [Tables 2.9 and 2.10].
Table 2.7: Character table for the classes of the C3v group contained in the integer represen-
tations DJ of R3.
One final and important note on the degeneracies of the crystal field levels has to do with
what is known as Kramers degeneracy. This degeneracy is based a Kramers theorem, which
states that any two crystal levels, which after reversing all velocities can be transformed into
one another, are energetically equivalent. The main consequence of this is that for any ion
with an odd number of electrons, the resulting crystal field levels will always be, at the very
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Table 2.8: Character table for the classes of the C3v double group contained in the half-
integer representations DJ of R3.
least, doubly degenerate. While doubly degenerate levels can also be found for ions with
an even number of electrons, they are the only ions that contain non-degenerate crystal field
levels.
Table 2.9: Representation breakdown for the restriction of R3 to C3v for integer J values.
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Table 2.10: Representation breakdown for the restriction of R3 to C3v for half-integer J
values.
2.4.2 Allowed Dipole Transitions and Zeeman Splitting
The next section will show how the selection rules and the expected effect of applying a
magnetic field can be determined with only the knowledge of the transformation properties
of the irreducible representations of the crystal field levels. To determine the transition prob-
ability between two states we need to take the absolute square of the inner-product of those
two states with either the electric or magnetic dipole operator. The electric dipole operator
is,
Ed =
∑
i
eri (2.31)
and the magnetic dipole operator is,
Md =
∑
i
( e
2m
)
(`i + 2si) . (2.32)
Since, in C3v symmetry, both Md⊥ and Ed‖ transform like 2Γ3 , while Md‖ and Ed⊥
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transform like 1Γ2 and 1Γ1 respectively, we can use the following theorem for how matrix
elements between irreducible representations behave. The product of two representations
of a group can be shown to equal a sum of irreducible representations of the group. This
means that the cross product is arranged in block diagonal form where each irreducible
representation occurs a certain number of times along the diagonal. This can be used to
show that if we have matrix elements of the form
〈Ψi|Hj|Φf〉 =
∫
Ψ∗iHjΦfdτ, (2.33)
where each of the elements transforms according to the irreducible representations of the
group to which they belong, then we can only have non-zero matrix elements when,
Γi × Γj ⊂ Γf . (2.34)
Therefore, all we need to determine whether a transition will occur or not is knowledge of
the multiplication properties between irreducible representations of a group. Fortunately, the
product tables for the irreducible representations of all 32 point symmetry groups has been
tabulated by [Koster63], and the one for C3v is given in Table 2.11.
From this we can determine the selection rules for transitions between all the levels in
Eu and Er in GaN, which are given in Table 2.12. It is important to note that since the
polarization of the light is conventionally taken along the electric field direction, all magnetic
dipole radiation will be polarized at a right angle to the direction of the magnetic dipole.
As discussed previously, in order to see which levels will split in a magnetic field and
of which orientation, we need simply to look at the diagonal matrix elements in Figure 2.3
and recognize which ones contain either Mpi, for which a perpendicular field will split the
level, or Mσ, for which a parallel field will. Note: for the Eu system, since the levels which
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Table 2.11: Representation multiplication table for C3v symmetry.
split have µ = ±1, there is no linear Zeeman effect expected for a perpendicular field, as
described in the previous section. Therefore, we only expect to see a Zeeman splitting for a
field applied parallel to the c-axis.
Table 2.12: Selection rules of the electric and magnetic dipole operators for C3v symmetry
for even and odd electron systems.
It should be noted that, for systems with an even number of electrons, the selection rules
∆J = 0, ∆J = ±1, and no J = 0 to J = 0 still apply. However, higher order terms
in the multipole operators can lift these selection rules and allow the J = 0 to J = 0
transitions seen in our experiments. A magnetic dipole transition for ∆J = ±2 can also be
allowed, however, because of the J mixing caused by the crystal field. Here the irreducible
representations become the only good quantum number for uniquely labeling a level. Since
the polarization of the transition is determined by the properties of these representations,
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the polarizations of the transitions hold under the influence of a crystal field, but may break
down under application of a magnetic field.
All the information in this chapter has been summarized for Eu and Er in Figures 2.3-
2.5. In the next chapter the techniques we use to probe and analyze these systems will be
discussed.
Figure 2.3: Energy level diagram for the 580nm excitation and 620nm emission in GaN:Eu,
including allowed transitions and predicted Zeeman splittings.
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Figure 2.4: Energy level diagram for the 800nm excitation and 980nm emission in GaN:Er,
including allowed transitions and predicted Zeeman splittings.
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Figure 2.5: Energy level diagram for the 980nm excitation and 1540nm emission in GaN:Er,
including allowed transitions and predicted Zeeman splittings.
49
Chapter 3
Experimental Basics
The primary experimental techniques used in this work are Photoluminescence (PL) and
Cathodoluminescence (CL). This chapter will explain how our data were taken and a few of
the methods we use to analyze our results.
3.1 Combined Excitation Emission Spectroscopy (CEES)
As we know, GaN has a band gap of 3.41eV or 364nm. Therefore, a 325nm He-Cd laser
(UV) can be used to create electron hole pairs, which excite the rare earth ions via energy
transfer from the host. This involves deep and shallow traps that are located near the rare
earth ions, and so some incorporation centers have higher excitation efficiencies than others.
In order to understand the differences between these sites, we must distinguish them by their
unique excitation and emission profiles. To do this, we resonantly excite the rare earth ions
using laser light which matches the wavelength of one of the rare earth ions’ energy levels.
To do this in the most efficient way, we utilize the technique of CEES. In this technique,
a tunable laser source is used to excite the sample. The light is coupled into a single mode
fiber and the emission is either collected in a multi-mode or single mode fiber or reflected,
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as a free beam, onto a slit and into a monochromator. These parameters give our setups
the properties of a confocal microscope, which facilitates the high spatial resolution of our
measurements. At each excitation wavelength, the emission is collimated onto a grating
inside the monochromater, where it is dispersed according to wavelength, and collected by
a liquid nitrogen cooled CCD camera, or fan cooled Hammamatsu detector. These detectors
are centered on the wavelength corresponding to the lowest energy transitions of the RE.
The spectral resolution of the emission can be varied by using different gratings. After
each emission profile is recorded, the excitation wavelength is increased by a small amount,
usually 0.02nm, and a new emission profile is collected. This is done for the whole excitation
range of a given sample. The excitation wavelengths are recorded and when all the data are
compiled the result is a CEES map. An example of a CEES map, for Eu, is given in Figure
3.1. An ion incorporation environment or site is identified according to a few guidelines:
1. All emission and excitation peaks for a site must be identical in the number of peaks
and relative intensities of the peaks.
2. Different sites can be distinguished by differing excitation AND emission spectra.
3. If only the emission differs, then we may have a case where a site (A) transfers some
energy to another site (B). Thus, an excitation of A yields emission from both A and
B.
As an example, in Figure 3.1, we can see that Eu has a number of incorporation sites in
GaN.
For Erbium, we excite from the 4I15/2 level to either the 4I11/2 or the 4I9/2. There appears
to be only one main site in Er and therefore we can use the the CEES to assign energies to
the crystal field levels since, at the low temperatures we use (4-30K), only the lowest levels
are populated. This will be shown in more detail in Chapter 4.
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Figure 3.1: A CEES map for GaN:Eu taken in the zero phonon region. The excitation energy
is given on the left and the emission energy is given on the bottom. For this sample, eight
distinct centers have been identified [Reprinted from Woodward2010-T].
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For Eu, we excite from the 7F0 to the 5D0 level, which is forbidden because J = 0 to
J = 0 transitions are not allowed due to conservation of angular momentum. However, this
transition can occur for σ polarized excitation for sites under a level of higher perturbation,
which stem from defects within the crystal. Because of this, the normal transition intensities
are not a good indicator of the relative numbers of each Eu center. Third order effects due the
odd spherical harmonics in theC3v crystal field will allow for zero-phonon transitions, where
the excitation is polarized parallel to the c-axis [Downer88]. This will become clearer during
the discussion in Chapter 4. However, along with the resonant zero-phonon transitions,
we also observe a coupling of the ions with lattice vibrations, or phonons, which produces
transitions that are higher or lower, by the energy of the bulk phonons in GaN (66meV), for
the excitation and emission, respectively.
We will begin by explaining phonon-coupled transitions in general and then turn to the
special case of phonon-assisted transitions in GaN:Eu. To help explain this, we turn to con-
figuration coordinate (Q) diagrams, which illustrate the nature of transitions between elec-
tronic states and their corresponding vibrational levels. This diagram relies on the adiabatic
approximation and the Franck-Condon principle. The former assumes that the time for a
nucleus to move is much longer than for the valence electrons. The latter refers to the optical
transitions, between electronic states, occurring very rapidly. Collectively, this means that
when lattice vibrations occur, they will perturb the potential of the valence electrons, but opti-
cal transitions will occur before the rest of the ion can catch up. The adiabatic approximation
allows one to solve the nuclear and electronic motions independently. This approximation,
with Rl defining the position of the nucleus and ri being the radius of the ith electron from
the nucleus, the eigenfunctions can be separated such that the total wavefunction becomes:
Ψ = f(ri, Rl) · χ(Rl). (3.1)
53
The f(ri, Rl) represent the electronic functions, in the case where the ions are static, and
χ(Rl) represent the vibrational functions with respect to the motion of the ions. The Franck-
Condon principle allows us to view this system using a generalized coordinate, where we
replace Rl by Q, in a one dimensional case. The degree to which the electronic states are
coupled to the phononic states is quantified by a dimensionless parameter called the Huang-
Rhys factor (S). In Figure 3.2, a configuration coordinate diagram is shown for the case of
strong coupling (S > 1) and weak coupling (S << 1). Notice that the electronic states
(parabolas) are shifted relative to each other to a degree determined by the value of S. Due
to the shielding of the 4f electrons, RE ions typically have a S << 1, many of which are
calculated in [Woodward-T], and so we have the case illustrated in the middle of Figure 3.2.
Figure 3.2: A configuration coordinate diagram for the phonon-coupled transitions of sys-
tems with a high S value (a), and low S value (b). The separation of the electronic state
potential wells becomes smaller with decreasing coupling between the ions and the host
crystal. In (c) and (d), we show phonon-coupled excitations and emissions, respectively. No-
tice that phonon-coupled excitations are larger in energy, and vice-versa for phonon-assisted
emissions.
Looking at the far right side of Figure 3.2, it is evident the excitation will require higher
excitation energy, and will then emit a phonon, equal to the excess energy, to get to the lowest
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vibrational level in that electronic state. A transition will then occur from this position down
to an excited vibrational level within the ground electronic state, followed by the emission of
a phonon. The result is that phonon-coupled transitions will have higher excitation energies
and lower emission energies, than zero-phonon transitions. Note on terminology: A phonon-
coupled transition is shown in Figure 3.2. These represent transitions that are phonon replicas
of the “zero− phonon” transitions. “Phonon− assisted” transitions are a special case of
phonon-coupled transitions, with the distinction being that the “zero− phonon” transitions
are forbidden, and so the phonon “assists” the transitions and makes them favorable.
The probability distributions for harmonic oscillators; i.e., the vibrational levels, are
highest in the middle of the potential well, for the lowest vibrational state, and at the edges
for an excited state. This means that the strength of the phonon-assisted transitions are
higher if the S is larger. For the case of RE ions the transition probabilities for the phonon-
assisted transitions are small because the probability distributions are quite low in the middle
of the potential well, although not zero. By comparing the strengths of the phonon-assisted
transitions to the zero-phonon transitions, the Huang-Rhys factor can be calculated. These
were presented for GaN:Er and GaN:Nd in [Woodward-T]. The low Huang-Rhys factor for
GaN:RE means that the phonon-assisted transitions are much weaker than their zero-phonon
counterparts.
In our work we have a special case for the excitation transitions of GaN:Eu. As men-
tioned earlier for this system, the zero-phonon transitions are forbidden, and therefore ex-
tremely weak, except when static crystalline perturbations of the Eu ions are quite high.
However, when the electronic states of the Eu ion couple with the vibrational states of GaN,
due to the nature of the phonon-assisted transitions, the ∆J 6= 0 restriction is relaxed and
these transitions become first order, which means that they only depend on the absorbtion
cross section of the Eu ion. Note: Since the zero-phonon transitions are very forbidden, the
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phonon-assisted transitions “appear” stronger, despite the low Huang-Rhys parameter, by
comparison. Since all Eu ions have a cross section of the same order of magnitude, and
because the laser power is not sufficient excite all the optically active Eu ions, this excitation
region gives us a good estimate for the relative numbers of all the incorporation sites. CEES
maps also allow us to identify new centers, which are formed as a result of co-doping. Since
we can identify the relative numbers of each site, we can track the degradation of sites and
the formation of new ones, under a variety of irradiation methods. We can also take CEES
maps, under application of a magnetic field, which will concisely allow us to see the Zeeman
splittings in both emission and excitation, after only one measurement.
3.2 Cathodoluminescence
3.2.1 Introduction
Cathodoluminescence is the photon emission that results from exposing a luminescent sam-
ple to focused electrons. These electrons come in the form of an electron beam, which is
produced by a scanning electron microscope (SEM). When an electron beam enters a solid,
the solid reacts in a number of ways [Goldstein90]:
1. Redistribution of the charge in the solid so as to compensate for the rapid change in
electric field.
2. Elastic scattering of the electrons, which allows for current detection.
3. Inelastic scatting which results in electron-hole pairs, secondary and Auger electrons,
as well as x-rays and heating.
The recombination of electron hole pairs (e − h) can lead to either radiative or non-
radiative processes such as the generation of phonons and heating. For the radiative process
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in a perfect crystal, the emission is usually that of the bandgap of the material. Defects in
the crystal can induce levels within the bandgap, which are excited via energy transfer of the
(e−h), to the defect level. The secondary electrons can be used to produce a high resolution
picture of the sample, which becomes important for our experiments, since we must etch
markers into the sample, in order to maintain a consistent probe area.
3.2.2 In GaN
If GaN were a perfect crystal, then the main source of emission would occur at 364nm
according to its bandgap energy. However, during the growth process of GaN and GaN:Mg,
several levels are introduced, due to defects such as vacancies, carbon, hydrogen, and of
course, the Mg acceptors. These can lead to red, yellow, blue and UV emission, all below
the bandgap. When rare earth ions are doped into GaN, they utilize many of these defects,
and the energy transfer to the RE can become more favorable. As a result, the emission from
the REs is quite high, whereas the normal GaN emission is very low [Fleischman2009].
In general, the interaction of the electron beam with a sample can also cause heating of
the sample, but GaN is a hard, stable semiconductor and has a very high thermal conductivity
and therefore is not easily heated or damaged by electron beam exposure. This allows for
high beam currents, which increase the signal to noise ratio, but can also lead to charging.
Both heating and charging can be reduced by applying a thin (≈ 10nm) coating of gold.
High beam currents can also have the unwanted effect of activating the Mg acceptors in
GaN:Mg. Therefore the power density must be controlled in a way to reduce noise, but
without activating the Mg, when activation is not desired.
The “interaction volume”, is the volume of the sample within which the electrons interact
after entering the sample. The electrons disperse into a tear drop shape, the depth of which
depends on the type of sample and accelerating voltage. There are a few models for estimat-
57
Figure 3.3: The range of penetration depths of the electrons into GaN, for a variety of accel-
erating voltages [Reprinted from Goldstein90].
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ing the penetration depth, in particular the models of Kanaya and Okayama and Everhart and
Hoff [Everhart71 and Kanaya72]. However, the best way to determine the penetration depth
is by performing Monte Carlo simulations, which allow a variety of parameters to vary. A
plot of the penetration depth, in GaN, versus accelerating voltage, calculated by Monte Carlo
simulation, is given in Figure 3.3. For the presented measurements, the accelerating voltage
was kept at 10kV corresponding to a depth of roughly 150nm.
3.3 Fluorescence Line Narrowing and Inhomogeneous Line
Broadening
It would be easier if we could assume that for each incorporation site, all the atoms feel the
same static crystalline distortions. Even if there were no effect due to crystal distortions,
each transition would still appear broadened in our spectra, do to natural broadening. If
there were no natural broadening, the spectral peaks corresponding to the various transitions
would be delta functions at the frequency νo = (Ef − Ei)/~, where Ef and Ei would be
the EXACT energies of the energies of the excited and ground states, respectively. However,
we know that energy is uncertain, and that the excited and ground state energies are not
discrete values, but are “fuzzy” according to the natural uncertainly given by the Heisenburg
uncertainty principle:
∆ν∆t ≥ 1
2pi
. (3.2)
Here ∆ν is the full frequency width half maximum of the transition, and ∆t is the lifetime of
excitation. This effect is called homogeneous line broadening. However, a crystal is not per-
fect and nonequivalent static distortions between ions of a given incorporation site will lead
to small shifts in their emission, and as a result the line width of that transition will broaden.
For some transitions, the excitation energy will also be sensitive to these distortions, which
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Figure 3.4: An example of fluorescence line narrowing (black, blue and green) and inhomo-
geneous line broadening (red) in GaN:Er. Notice that for the inhomogeneous line broadening
the excitation leads to an emission from each level. For the line narrowing, each excitation
leads a different transition in emission.
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will lead to a slanting of the peaks in CEES, where the emission peaks are narrower, and
appears stretched over a given excitation range. These two cases are demonstrated in Figure
3.4. When the width and energy of emission is not excitation dependent, then the effect is
known as inhomogeneous line broadening. When it is, the effect is called fluorescence line
narrowing. While these effects appear to be linked to a number of distortions, the principal
cause appears to be strain. This can be seen in the CEES maps for crystals grown on different
substrates and under varying conditions, which are altered to control the level of strain in the
sample. This point is made clearer in Chapter 8.
3.4 Effective g-factors
Part of this work involves determining the effective g-factors (geff ) for the crystal field en-
ergy levels. Since these will only split into two levels, a simple model can be made for
non-interacting energy levels. Since a transition occurs between two levels, then a single
point on a CEES map can split into, at most, 16 points, as shown in Figure 3.5(a). The
spectral effect of the magnetic field is shown in Figure 3.5(b). The change in energy of a
given transition, due to magnetic field, is governed by geff and increases linearly with the
magnetic field, if the effect is first order. We can then determine geff after measuring the
changes in energy, a or b, by the equations:
± a = 1
2
µbB (∓g1eff ± g2eff ) (3.3)
± b = 1
2
µbB (±g1eff ± g2eff ) (3.4)
For the case that a peak only splits into two peaks, we assume that one of the g′effs is
very small or equal to zero. For the case where there is no distinct splitting of the peaks
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Figure 3.5: A peak in a CEES map splitting into 16 peaks after a magnetic field is applied.
The effective g-factors are shown and the energy level diagram is presented in part (a). In
part (b), an emission line profile from part (a) is plotted. This shows how the center of the
gaussian peaks can be used to determine the ∆E due to magnetic field application. The
effective g-factors of the transitions are shown.
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and only a broadening of the peaks is observed, then one would need to use the method of
moments. This method is derived in [Woodward-T].
3.5 Experimental Set-ups
We utilize a variety of experimental set-ups to explore various spectroscopic phenomena.
3.5.1 Free Beam (Non-Magnetic)
Non-magnetic CEES maps were obtained using a free beam confocal microscope set-up,
shown in Figure 3.6. The tunable laser source was coupled into a fiber, and the emitted
light was then collimated. In most cases, a glass plate was used to siphon 8% of the light
before coupling the laser into the excitation fiber, where the wavelength was detected by a
wavemeter and recorded. The light then passed through a 50/50 beam splitter where half
of the excitation passed to the sample. This was then focused onto the sample using an
objective. The region at the focus then produced an emission, which was collimated by the
objected and passed through the 50/50 beam splitter where half the intensity was sent to
the monochromater. Filters were used wherever necessary to prevent unwanted light from
reaching the detector.
The sample was mounted onto a copper cold finger and placed in either an Oxford cryo-
stat or a Montana Instruments Cryostation. In both setups, the lowest achievable temperature
was 4K. The Oxford cryostat was cooled by the flow of liquid helium, which resulted in an
inhomogeneous sample temperature, especially during laser excitation. This was later re-
placed by the closed cycle Cryostation. The sample was mounted on the front and top of
the cold finger so that either pi or σ excitation/emission was obtainable. For the Cryostation,
a magnetic field of up to 1.2 Tesla could be applied by using poled tips, where the field
went from one tip to the other and could be reversed. Inside the Cryostation, the sample
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was attached to Atto-cube translation stages, which allowed for electrically controlled fine
movements of the sample, from within the cryostat, at low temperatures.
3.5.2 Free Beam (Janis Magnetic)
For magnetic fields of over 1.2 Telsa, another free beam confocal microscope was built that
fit into a Janis cryostat as shown in Figure 3.7. The excitation laser is coupled into a single
mode fiber and directed onto a dichroic mirror which reflected all excitation and passed all
emission. The light was focused onto the sample using a lens and the emission was collected
into a multi-mode fiber and sent to the spectrometer. The sample was immersed in helium
gas, which was cooled by an outside layer of liquid helium. The magnetic field was provided
by a Helmholtz coil, where the superconducting coil was immersed in liquid helium and the
field was raised to 6.6T with a high current source. This setup also used Atto-cube stages for
spatial control of the sample.
3.5.3 Dual-Excitation
When a combination of cathodoluminescence and photoluminescence was desired, a setup
capable of dual excitation was used. This setup consisted of a small confocal microscope
that fit into our SEM. The sample sat at a 45◦ angle and was excited from the side by a
laser source. The excitation energy was brought from the laser via a single mode fiber and
the emission was collected by either a single mode or multi-mode fiber. The excitation
laser was focused onto the sample with an objective. The sample was mounted onto a cold
finger, which was cooled by conduction through copper braids, and could reach tempera-
tures of 105K. The cold finger was mounted to three Attocube stages so that the sample
could be moved from within the SEM, during operation. The sample was irradiated by the
electron beam from above and due to the confocal nature of the microscope, cathodolumi-
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Figure 3.6: Diagram of the free-beam setup. The cryostat was either the closed cycle or he-
lium flow model. For the closed cycle, the black tips and green arrow represent the magnetic
option of 1.2T
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Figure 3.7: Diagram of the free-beam setup, which fits into a Janis 9T magnetic cryostat
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nescence could only be observed from the location where the laser was aligned. Using a
PMT, a cathodoluminescence map could be made of the sample, which allows for visual
confirmation of the overlap of the laser and electron beam excitation. For more details on
the properties of this microscope see [Poplawsky2012]. Figure 3.8 shows a schematic of the
dual excitation set-up.
Figure 3.8: The dual excitation set-up, in which the sample is excited by a laser source from
the side and by the electron beam from above
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Chapter 4
Local Structure of the Majority Center in
GaN:Eu
4.1 Background: Eu Incorporation Centers in GaN:Eu
Unlike GaN:Er, which exhibits luminescence from a single center, GaN:Eu has shown itself
to be much more complicated. As introduced in Chapter 3, using the method of CEES,
we resonantly excite the Eu ions from the 7F0 level to the 5D0. This transition is normally
forbidden since it violates conservation of angular momentum. However, once the sample is
placed in a crystal field, second order effects due to defects that perturb the ion away from
C3v symmetry can relax this rule. Since the excitation occurs between two J = 0 levels,
there is only a single transition and hence, each resonant excitation peak originates from
a different incorporation center. We can asses the number of Eu incorporation centers by
counting the number of resonant excitation peaks. It was determined that GaN:Eu contains,
at least, eight centers that we label OMVPE 1-8 [Woodward2010]. Figure 4.1 shows a typical
CEES map for excitation between 587nm-591nm. In this region, OMVPE7 does not occur
as a single peak, but as a stripe which can be excited throughout the entire excitation range.
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We must be careful because the stripe does not represent excitation of OMVPE7 directly,
but rather indirectly. In fact, it is believed that the stripe is due to a defect, not associated
with a Eu ion, which can capture energy from the host and transfers that energy to any Eu
complex that can easily capture energy. In samples studied by Woodward, this was primarily
OMVPE7 [Woodward-T].
Figure 4.2 shows the emission spectra taken at each excitation energy, for each center.
OMVPE 1 and 2 have the same emission spectra, both of which contain far too many peaks
(> 5). This indicates that we have clusters of Eu ions which can transfer energy to one
another once excited. This emission is seen to increase at lower temperatures and goes away
for lower Eu concentrations, indicating that at low temperatures and high Eu concentrations,
clustering can occur. The relative intensities of the centers, in this region, indicate the
degree of perturbation felt by the Eu ion. To determine the relative number of each center,
we look to phonon assisted transitions which occur ≈ 60meV higher in excitation energy
from the normal or “zero− phonon” region. As mentioned in Chapter 3, the coupling of the
Eu ions to the bulk phonons in GaN, fully relaxes the ∆J 6= 0 selection rule and, because
the emission lifetimes and excitation cross sections are similar for each center, we can use
the relative emission intensities to gauge the relative numbers of each center. An example of
a CEES map for the phonon assisted region, for the sample grown at low pressure, is shown
in Figure 5.3.
This can be made more quantitatively accurate by taking into account the exact emis-
sion lifetimes and excitation cross sections for each center as done by Wakamatsu et al. in
[Wakamatsu2013]. These authors take the proportional number of centers to be,
NEui ∝
(
σiΦiτrad + 1
σiΦi
)
Ii (4.1)
Where, σ is the cross section, Φ is the photon flux (from excitation energy density), τrad
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Figure 4.1: Zero-phonon CEES of GaN:Eu, which shows the eight different centers which
can form under these growth conditions [Reprinted from Woodward2010-T].
70
Figure 4.2: Emission profiles for the various incorporation centers in GaN:Eu [Reprinted
from Woodward2010-T].
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Figure 4.3: CEES of the phonon-assisted excitation region in GaN:Eu. In this region, the
ratio of the emission intensities is a good indicator of the relative abundance of each center
[Reprinted from Woodward2010-T].
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is the lifetime and I is the emission intensity for each of the i centers. Table 4.1 contains the
cross section, lifetimes and relative numbers of each center as given in [Wakamatsu2013].
However, they came to the same general conclusion about the relative abundances of each
center. Therefore, for qualitative analysis we will use the phonon assisted region, since
variation of growth conditions can drastically alter the relative numbers of each center, and
co-doping can introduce new centers for which accurate quantitative analysis would be cum-
bersome.
Table 4.1: Decay time and excitation cross section for each Eu luminescent site, under res-
onant excitation. The relative abundances are also given, and are in very good qualitative
agreement with what is determined from the phonon-assisted CEES [Wakamatsu2013].
As the sample quality has improved it has been determined that two of these sites,
OMVPE 4 and 7, commonly referred to as Eu1 and Eu2 respectively, begin to represent
roughly 90 − 95% of the overall Eu incorporation in GaN, and play the largest role in the
luminescence properties of the system [Fleishman2009, Roqan2010, and Woodward2010].
While we have utilized resonant (direct) excitation as a means for relative number deter-
mination, others gauge it by above band gap (indirect) excitation. Since the luminescence
resulting from indirect excitation strongly depends on the ability of a particular Eu site to
be excited by electron hole (e − h) pair recombination, this has led to some controversy
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about whether Eu1 or Eu2 is the majority site in GaN:Eu [Roqan2010 and Woodward2010].
As shown above, it has been determined that Eu1 is the majority site, which accounts for
80% − 90% of the Eu incorporation in GaN:Eu. However, in these early samples Eu2 had
a much higher excitation efficiency than Eu1, leading to a greater emission intensity, under
indirect excitation. A previous study confirmed that, in early samples, the relative intensi-
ties of the respective emission from Eu1 and Eu2 can be reversed by focusing the excitation
source [Woodward2011]. This is because, while Eu2 had a higher efficiency, it saturated due
to its low numbers. There have been suggestions that Eu2 is an unperturbed site, with high
C3v symmetry, and that Eu1 may contain a VN . However, this has never been taken seriously
into account or explored [Roqan2010]. It is essential to determine the local structure of Eu1
in order to explain and optimize its optical properties.
The samples used for this work and described in this chapter were all grown on sapphire
(0001) substrates by OMVPE (Taiyo Nippon Sanso SR-2000). The samples consist of a 10
nm thick GaN capping layer, a 400 nm thick GaN:Eu layer, a 2-3 m thick undoped GaN
layer, and a 30 nm thick GaN buffer layer grown on the sapphire (0001) substrate at a tem-
perature of 1030C and pressure of 100kpA. The ratio of the flow rates of the N/Ga sources
was changed from 3200 to 6400, and the Eu concentrations were found to be 6x1019 and
41019cm−3, respectively.
4.2 Polarization Dependence
In the past, the majority center in GaN:Eu (Eu1), was assumed to be a relatively unperturbed
center, with a symmetry close to C3v. For a center with perfect C3v symmetry, group theory
predicts that three peaks should exist for transitions from J = 0 to J = 2, where two have
both pi and σ allowed dipole transitions and one which exhibits only a pi dipole transition,
as derived in Chapter 2. The pi components of the two peaks, which exhibit both polarities
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in their emission, come from magnetic dipole transitions. These can occur because of the
relaxation of the ∆J 6= 2 selection rule, due to the J-mixing caused by the crystal field. Mag-
netic dipole transitions are known to occur in GaN:Er and are of an equivalent intensity to
the electric dipole transitions. Two of these peaks are expected to split under the application
of a magnetic field, parallel to the c-axis. This would mean that the emission spectra from
the majority center should contain only two peaks, when σ-polarized emission is detected;
however, three peaks are observed as shown in the emission profile of Eu1, in Figure 4.4
(red). This sample had a V/III ratio of 3200; by increasing the V/III ratio to 6400, we can
see that the far right peak decreases and broadens (Figure 4.4 (black)).
Figure 4.4: σ polarized Eu1 emission spectra for the low V/III ratio (red) and high V/III ratio
(black). While the left two peaks remain constant in their width and position, the right peak
broadens as the V/III ratio is increased.
75
We normally excite and collect emission in a direction parallel to the c-axis, as shown
in Figure 4.5(a). To gain more insight on the system, we rotated the sample such that the
excitation and emission were perpendicular to the c-axis as shown in Figure 4.5(b). The
advantage here is that the emission contains both σ and pi oriented emission, which can be
separated completely using linear polarizers. This also allows us to excite the sample in
both the strict σ and pi orientation which, due to the second order perturbation effects can
give us better insight as to the degree of perturbation felt by the Eu ion [Wybourne67 and
Downer88]. Furthermore, as seen by Wakamatsu et al., when the sample is excited at an
angle to the c-axis Eu2 can be seen in the zero phonon region, and displays three total peaks
(one which is dominant) [Wakamatsu2013]. If the emission is stronger for the σ excitation,
then the center is highly perturbed and vice versa.
Figure 4.5: Schematic of the two types of excitation geometries and head-on views of the
emission polarizations they produce. For the geometry of (b), linear polarizers are used to
separate the different emission polarizations.
The pi emission spectrum for Eu1, for the low V/III ratio sample, is shown in Figure 4.6
(red). We can already see four emission peaks, and when we look at the spectrum for the
higher V/III ratio, we can see that a fifth peak emerges (Figure 4.6 (black)). Figure 4.7 (a)
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Figure 4.6: pi polarized Eu1 emission spectra for the low V/III ratio (red) and high V/III ratio
(black). Note that some peaks stay the same intensity when the V/III ratio is varied, while
others change.
and (b), shows the overlap of the σ and pi spectra for both samples, and here we label all the
peaks 1-6 for easy reference.
It is immediately apparent that there is an overlap of two of the σ and pi peaks. Upon
closer inspection we can see that the relative ratios of certain peaks change, while others do
not. This indicates that we are dealing with at least two centers that are similar in nature, and
hence can be excited at the same resonant energy. Table 4.2 lists each peak with its respective
emission photon energy and polarization character.
To gain more insight into the system, magneto-optical studies were performed with the
magnetic field applied both parallel and perpendicular to the c-axis. For a field applied paral-
lel to the c-axis, it is expected that two of the peaks will split for a center with C3v symmetry.
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Figure 4.7: Overlapped pi and σ Eu1 emission spectra which shows that up to six peaks are
observed. Two of these peaks have both pi and σ components. The peaks are labeled peak
1-6 for easy reference.
Table 4.2: Emission photon energies of peaks 1-6, along with their respective polarizations.
What is observed in Figure 4.8 is the apparent splitting of peaks 1 and 2, suggesting g-factors
of 1.79 and 1.83, which have been reported earlier [Woodward2011-3, Kachkanov2011].
However, it appears that peak 5 also splits.
Closer inspection of field dependent Zeeman data for the perpendicular field direction
reveals a more complex picture. The sample was tilted on its side in the magnetic cryostat
described in Chapter 3. The piezoelectric stages were used to ensure excitation into the
78
Figure 4.8: Emission spectra showing the effect of applying a 6T magnetic field parallel to
the c-axis. All three peaks appear to split. The left two peaks have calculated g-factors of
1.79 and 1.83, respectively.
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Figure 4.9: Unpolarized Eu1 spectra taken at 0.1T intervals from 0T to 6.5T. (a) Raw data
(b) Data with the emission intensity normalized and the 0T emission spectra subtracted out.
The only changes that result from the application of the magnetic field are between peaks 2
and 3.
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300nm active layer and to optimize signal. From this orientation, we were also able to
collect pi and σ polarized emission, which we could separate with linear polarizers. It was
not possible to obtain pi and σ emission for the parallel field due to geometric limitations of
our microscope. Although no splitting is expected for a single C3v center, when a magnetic
field, applied perpendicular to the c-axis, was used, we saw that peak 2 and 3 appear to
repel each other [Figure 4.9(a)]. In Figure 4.9(b), the spectra was modified such that Peak 1
remained constant in intensity, and then the 0T emission spectra was subtracted from every
subsequent spectra. It is apparent that the only changes which occur are between peaks 2
and 3.
In Figure 4.10, the unpolarized Eu1 emission spectra taken at increasing field strengths
are given, and a shifting and change in relative intensities of peaks 2 and 3 is observed. Peak
3, which normally emits strictly pi polarized light, shifts to higher energies and increases in
intensity relative to Peak 2.
In Figure 4.11, the polarized spectra for σ and pi oriented emission for applied fields
of 0T and 6.5T are shown. When the σ-polarized emission is selected, we find that the
peak corresponding to peak 3, as shown with a vertical line in Figure 4.11, remains. As
predicted, none of the peaks split due to the Zeeman effect, under application of a magnetic
field perpendicular to the c-axis. Instead, we observe the appearance of an emission peak, the
emission of which was strictly pi polarized under zero field conditions, once a magnetic field
is applied. This could be attributed to many mechanisms, including the changing of emission
from linearly polarized to elliptically polarized. However, Peak 6, which is also pi polarized
with zero field, does not appear in the σ-oriented emission. Peak 6 would have appeared in
this collection orientation, if the total emission had become elliptically polarized. A more
likely explanation refers to the fact that the polarizations for the transitions were determined
using the irreducible representations of the crystal field levels. Once the magnetic field
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Figure 4.10: Unpolarized emission spectra under increasing magnetic fields, applied per-
pendicular to the c-axis. Peaks 2 and 3 shift away from each other and their relative ratio
decreases with increasing field strength.
Figure 4.11: Emission spectra showing the effect of applying a 6T magnetic field perpendic-
ular to the c-axis. Peak3 and peak4 seem to shift away from each other in the pi polarized
emission spectra. For the σ emission, the 6T field breaks down the strict polarizations of
some transitions and a peak corresponding to peak 4 appears and shift with increasing mag-
netic field.
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is strong enough (in our case around 3T), these representations cease to uniquely define
the states, and so the strict polarizations are lost. As to why this only occurs for certain
transitions and specific magnetic field orientations, remains to be determined.
To further analyze this effect, we return to the unpolarized data as a function of magnetic
field strength. We take the difference in normalized peak intensity as
∆i =
Ii(B)
I2(B) + I3(B)
− Ii(0)
I2(0) + I3(0)
, (4.2)
where i is for either peak 2 or peak 3. The peaks were fitted with a Gaussian function, and
the intensity is taken to be the max peak intensity times the full width half max. In Figure
4.12 we have plotted the changes in normalized peak intensities as a function magnetic field
strength. The data was fit with a sigmoid function, which is a specialized case of a logistic
function. With this fit, we can quantify the magnetic field strength at which the mixing
of polarization states occurs. It appears that the mixing begins at ≈ 3T and the maximum
mixing occurs at ≈ 6T. In Figure 4.13 we plot the change in peak position as a function
of magnetic field strength. It appears that the two peaks start to interact around 0.5T, even
though the mixing doesn’t begin until higher field strengths are applied.
Turning back to the parallel field geometry in Figure 4.8, we propose that we can explain
the behavior of peak 5, in a similar way. It is our interpretation that peak 5 is not really split-
ting, but rather shifting to higher energies while a new peak appears (Figure 4.14). The latter
gains strength with increasing magnetic field strengths. This new peak is not distinguishable
until the field is above 3T, which is analogous to the behavior described previously. In Fig-
ure 4.15, we see that the “new” peak observed in σ-polarized emission, coincides with the
normally pi-polarized peak 6. We conclude that the application of a magnetic field induces a
Zeeman splitting of the two dually polarized emission peaks, which puts the overall emission
peak count at ten. These observations give very strong evidence that the emission from Eu1
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Figure 4.12: Plot of the changes in normalized peak intensity as a function of magnetic field
strength, for peaks 2 and 3. The polarization state mixing doesn’t take full effect until 3T,
and saturates around 6T.
Figure 4.13: Change in photon emission energies of peaks 2 and 3, as a function of magnetic
field strength. The shifting is on the order of µeV and commences around 0.5T.
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Figure 4.14: Zoomed in view of peak 5 for a magnetic field applied parallel to the c-axis, as
a function of field strength. Peak 5 appears to shift to the left and a new peak emerges, which
increases in intensity with increasing field strength. At 6T, this peak overlaps with peak 6, in
the pi emission spectra.
Figure 4.15: Emission spectra for 0T and 6T magnetic fields applied parallel to the c-axis.
The pi polarized emission for 0T is also included, and it appears that the right most peak for
the 6T field spectra appears to coincide with Peak 6.
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must come from at least two centers.
It is important to note that when the magnetic field is applied, and subsequently removed,
the intensity never returns to its initial value (Figure 4.15). This was previously observed by
Li et al., who explain this as the conversion of Eu3+ to Eu2+ due to the capture of electrons
from the electron hole pairs created during above bandgap excitation[Li2013]. We observed
the same effect, but with resonant excitation, so this explanation can’t be used. Instead, this
effect could be due to the ferromagnetism in GaN:Eu, which can be enhanced by strain due
to the lattice mismatch between the sapphire substrate and the GaN host. Further study of
this effect is needed.
4.3 Model of the Local Structure of Eu1
To try to explain the observation discussed in the previous section, we look to previous find-
ings, which have indicated that the majority center in GaN:Er contains a VN . Furthermore,
multiple theoretical studies have put the majority of RE centers near a VN [Saarinen2002,
Hourahine2006, Sanna2008, and Mezdrogina2011]. For this system, the inclusion of a VN
would have a few consequences, the most influential being that a VN can incorporate itself
in two different symmetries. The first is C3v where the VN sits axially above the Eu, and
the second is at one of three equivalent, off center, positions. Using the method described
in Chapter 2, it was determined that a center with C1h symmetry will display all five peaks
expected for transitions from J = 0 to a J = 2 level. Three of these peaks would be σ
-oriented and two would be pi-oriented Figure 4.16 shows the C3v and C1h configurations,
with a model of their respectively assigned emission peaks. We assume that two of the σ-
peaks from the C1h configuration overlap with the dual polarization peaks of C3v. As shown
in Figure 4.7, the relative ratios of the intensities of the pi-components of peaks 1, 2 and 4 to
the intensity peak 3, increases as the V/III ratio is increased. On the other hand, the relative
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Figure 4.16: Emission spectra taken at 0T, 6T and after the field is removed for a parallel
magnetic field. The intensity does not return to its original value once the field is removed.
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Figure 4.17: Spectral peak assignments for the 5D0 to 7F2 transitions in GaN:Eu, for the two
symmetry configurations of Eu1.
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intensity ratio of peak 3 to peak 6 remains unchanged.
In conclusion, we have determined that the complex optical spectra of the majority site in
GaN:Eu is the result of the existence of two different configurations of this center. It seems
very likely that this center contains a VN which forms in either C3v or C1h symmetry. The
break down of the strict linear polarizations is believed to be due to the mixing of crystal field
states upon application of a magnetic field. In our next experiments, Mg was co-doped into
GaN:Eu to enhance its luminescence efficiency and we can use the model for the structure of
the majority center established in this chapter as we try to analyze the GaN:Eu, Mg system.
This is the subject of the next chapter.
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Chapter 5
GaN:Eu, Mg: Identification of a Super
Site
5.1 New Mg-Related Centers in GaN:Eu
5.1.1 As-grown Centers
Despite the large number of incorporation centers in GaN:Eu, it is evident that the main
centers of concern are Eu1 and Eu2. In order to make further improvements in the lumi-
nescence efficiency of the GaN:Eu samples, Mg was added as a co-dopant, which couple to
the Eu ions and produce new centers [Lee2012 and Lee2013]. In order to see the effect of
Mg doping, a series of samples with varying Mg concentration was grown. These Mg and
Eu co-doped GaN (GaN:Eu, Mg) layers (400nm thick) were grown by organometallic vapor
phase epitaxy (OMVPE) on a sapphire substrate with an initial GaN buffer layer and were
capped by a 10nm GaN capping layer. No activation other than a cool down inNH3 ambient
was performed on the samples. The Eu and Mg concentrations of the sample with the best
optical properties were determined, by secondary ion-mass spectroscopy, to be 3.0 · 10−19
and 2.4 · 10−19 cm−3, respectively. Table 5.1 shows the exact growth conditions for the sam-
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Figure 5.1: Zero Phonon CEES for GaN:Eu with(a) No Mg, (b) Low Mg, (c) Medium Mg,
and (d) High Mg. The formation of four new sites which we label Mg/Eu1 and Mg/Eu4-6,
is observed as the Mg concentration is increased.
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Figure 5.2: CEES taken in the phonon-assisted excitation region, for GaN:Eu with(a) No
Mg, (b) Low Mg, (c) Medium Mg, and (d) High Mg. In this region, we can see that only
Mg/Eu1 is a prominent center as far as numbers are concerned. This configuration will take
on more significance in the following chapter.
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Figure 5.3: Above band gap spectra for GaN:Eu with(a) No Mg, (b) Low Mg, (c) Medium
Mg, and (d) High Mg.
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ples, and it should be noted that the Eu incorporation decreased with increasing Mg. The
zero phonon CEES maps of the samples are show in Figure 5.1. We use the sample with
no Mg as a reference to help us identify the new centers which result from Mg co-doping.
Four new centers clearly appear with increasing Mg concentration, which we label Mg/Eu1,
and Mg/Eu4-Mg/Eu6. The reason for this labeling will be explained later. The CEES for the
phonon assisted region is shown in Figure 5.2. Here we can identify the relative numbers of
the individual centers with respect to Eu1 and Eu2. Mg/Eu6 is not seen in this region, and is
assumed to have very low numbers. Mg/Eu1, Mg/Eu4 and Mg/Eu5 do appear in the phonon
assisted region, all of which appear to have a relative percentage of < 4% compared to Eu1.
Another interesting effect of Mg co-doping is the reduction of the stripe associated with Eu2.
We can infer that the mechanism responsible for Eu2’s ability to be excited throughout the
whole wavelength range is interrupted by the presence of Mg-related centers. The room tem-
perature spectra, under indirect excitation, for the four samples are shown in Figure 5.3. The
emission from Mg/Eu1 dominates the spectra and we can see that, considering its numbers,
it is an even more efficient site than Eu2.
5.1.2 Reconfiguration of Mg/Eu1 as a Result of LEEBI at Low and
Medium Probe Currents
To further explore the enhanced luminescence efficiency on GaN:Eu, Mg samples, we mea-
sure the cathodoluminescence, as electron beam irradiation is a better measure for compar-
ison to device use. At 30K, a very interesting effect is observed, where the cathodolumi-
nescence from Mg/Eu1 quickly decreases after sustained electron beam irradiation and there
is an increase in the luminescence of peaks associated with Eu1, and another peak that is
slightly blue shifted from Eu2 (Figure 5.4). To see where this increase comes from, the sam-
ple was placed on the dual excitation microscope. This allows us to take a CEES map, then
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irradiate the sample with the electron beam, and then take a subsequent CEES map. A raster
area of 80µm by 80µm was irradiated with a probe current of 5nA, at 105K. The CEES and
cathodoluminescence before and after irradiation are shown in Figure 5.5.
The emission from Mg/Eu1 disappears after sustained electron beam irradiation, and
an increase in Eu1 emission, as well as the formation of a new site, labeled Mg/Eu2, is
observed. The excitation efficiency of the new Eu1 emission is far too large, given the
increase in resonant emission, to be attributed to the normal Eu1. We label this increase
Mg/Eu3, signifying the creation of a new center with the same emission profile as Eu1, but
with a much larger excitation efficiency. By taking the ratios of the cathodoluminescence
and resonant excitation, before and after sustained electron beam irradiation, we can get the
relative excitation efficiencies of Mg/Eu1 to Mg/Eu2 and Mg/Eu3. The relative ratios turn
out to be roughly 1 within ±5%, so it appears that these three complexes share an excitation
channel.
In GaN:Mg, the Mg acceptor is initially passivated by a H. The H can migrate within the
vicinity of the Mg and, for the centers which contain a VN , can move to the vacancy site.
The H can also leave the proximity of the Mg altogether. We utilize the observations of our
samples and ideas from previous GaN:Mg experiments, and through our collaboration with
Dr. Donghwa Lee, employ DFT calculations to identify configurations that are energetically
favorable and stable. Figure 5.6 shows the configurations that were found to be the most en-
ergetically favorable, for the GaN:Eu, Mg system. The Eu1 configuration is shown in Figure
5.6(a), and includes the VN in the location indicated in the last chapter. Figure 5.6(b) shows
the as-grown configuration, where the Mg acceptor is passivated by a H, which we label
Mg/Eu1. This configuration resembles the calculated, passivated configuration, predicted
for GaN:Mg [Meyers2002]. Note: for the case where Eu is present, the electrical properties
have not been established, and this complex may not be electrically passivated in GaN:Eu,
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Figure 5.4: Cathodoluminescence spectra before and after sustained electron beam irradia-
tion, at 30K. The intensity of Mg/Eu1 is reduced and the intensity of Eu1 goes up by roughly
the same amount.
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Figure 5.5: CEES taken before sustained electron beam irradiation (a), and after irradiation
(b). The corresponding cathodoluminescence spectra taken before and after electron beam
irradiation, at 105K, are shown in (c) and (d), respectively. In these figures it is evident that
both the number and excitation efficiency of the centers change, which indicates a structural
alteration rather than a change in excitation pathway.
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Figure 5.6: DFT models for four different configurations of defect complexes in Eu/Mg co-
doped GaN: (a) A Eu-VN center which does not contain Mg or H (Eu1 center). (b) The
as-grown configuration (Mg/Eu1). (c) The configuration in which the hydrogen is captured
by the nearest neighbor VN after LEEBI (Mg/Eu2). (d)- Metastable configuration of the
hydrogen which induces a minimal perturbation on the Eu ion (Mg/Eu3) [reprinted from
Mitchell2013.]
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Mg. The perturbation felt by the Eu is substantial, which accounts for the large blue shift
of its excitation and emission transitions. Mg/Eu2 is shown in Figure 5.6(c), where the H is
captured by the VN .
It is worth noting that this configuration was found, theoretically, to be increasingly stable
if the complex captures an electron. Lastly, Mg/Eu3 is shown in Figure 5.6(d). With the H
this far from the Eu, the perturbation is minimal, and the emission spectrum matches the
Eu1 spectrum, since the Mg is also at a far enough distance as to not perturb the Eu ion.
The displacement of the Eu for each configuration, as compared to its position in Eu1, is
given in Table 5.2. It is easy to see the degree of perturbation felt by the Eu, which confirms
that Mg/Eu3 should exhibit the same emission as Eu1. While the calculated configuration
for Mg/Eu3 is a stable complex, we cannot tell the difference between the H sitting in this
position or removed from the complex altogether. We will show evidence of the presence
of the H for certain situations, in the upcoming sections. It is proposed that the increased
excitation efficiency is a result of the donor acceptor pair formed by the Mg and VN that is
the same for each configuration. A Mg−H related acceptor level is predicted for GaN:Mg,
which is different from the Mg acceptor level on its own as discussed in Chapter 1.3.
Table 5.1: Atomic displacements from the reference center, Eu1. Note that the displacement
of the Eu ion is nearly equivalent for both Mg/Eu3 and Eu1, which suggests that it is the H
which perturbs the Eu ion, and that the influence of the Mg atom is negligible [Courtesy of
Donghwa Lee].
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Figure 5.7: Eu emission spectra taken before and after electron beam irradiation at 30K,
105K, and 295K. The temperature dependence on center reconfiguration can be seen. More
Mg/Eu2 is formed at higher temperatures, while the formation of Mg/Eu3 is preferential at
lower temperatures.
Figure 5.8: (Left) UVL CL spectra taken at room temperature before irradiation (red) and
after (black). An increase in a band centered at 3.20eV is observed. (Right) UVL CL spectra
taken at 30K; two steps are observed, one occurring after 5s (blue), and the other after 55s
(black).
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5.2 Properties of Reconfiguration
5.2.1 Thermal/Power Dependence on the Dissociation Rate and Site
Formation
If we compare the spectra before and after LEEBI performed at 30K and 105K, we can
see that there is a difference in the numbers of Mg/Eu2 and Mg/Eu3 that are formed. At
30K, the increase in centers, due to sustained electron beam irradiation, is dominated by
Mg/Eu3, while at 105K, the increase is split between Mg/Eu2 and Mg/Eu3. To test the
temperature dependence of reconfiguration, the sample was irradiated at 295K. The before
and after spectra for all three temperature regimes are shown in Figure 5.7. At 295K, there
is still an approximate conservation of integrated intensity, but the primary increase is that
of Mg/Eu2. When the monochromator grating is roatated to observe the ultra violet light
(UVL) emission, around 3.27eV, a very similar effect occurs. In Figure 5.8, we show the
UVL spectrum before and after electron beam irradiation at 30K and 295K. At 30K, there is
a two step process that takes place very quickly. As stated in Chapter 1.3, this was attributed
to the movement of the H to a VN , and then further away from the complex. At 295K, only
the first process takes place. This matches the changes in our Eu-emission spectra, which
we use to argue that Eu can be used as a probe to observe the local migration of H, in the
vicinity of the Eu and Mg [Mitchell2013].
The time scale over which center reconfiguration occurs is also seen to be temperature
dependent, which matches observation in GaN:Mg, described in Chapter 1.3. At 295K,
and probe current of 5nA it takes 380s for the full reconfiguration to finish. At the same
probe current, at 30K, this takes only 15s. However, if the current is turned up at 295K,
this process can occur much faster. To quantify these observations, we performed a series
of temperature and current dependent measurements for a fixed irradiation time of 10s. To
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Figure 5.9: A graph displaying the ratio of Mg/Eu2 and Mg/Eu3 to Mg/Eu1 as a function of
temperature and probe current, for a 10s duration of irradiation.
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do this we changed the temperatures in steps of 10-40K and took spectra before and after
irradiation, at each temperature. This is displayed as a relative ratio of the integrated intensity
of Mg/Eu3 and Mg/Eu2 to Mg/Eu1. This was done for two probe currents of 5nA and
10nA, the results of which are shown in Figure 5.9. It is apparent that significantly more
reconfiguration occurs during the ten second irradiation, at lower temperatures and higher
probe currents.
5.2.2 Recovery of the Centers with Thermal Treatment
Once converted, the stability of these centers was explored, for a variety of treatments. The
effects of LEEBI are strongly spatially dependent, and so in order to confidently assess the
recovery of certain centers, we had to be sure the measurements were taken at exactly the
same location on the sample, before and after thermal treatments. The SEM images of the
sample surface before and after cycling the temperature from 30K to 295K, and back to 30K,
are shown in Figure 5.10. It is clear that the sample can move roughly 35µm upon cycling,
and so, boxes were etched into the sample and irradiated evenly, in order to ensure consis-
tency. The probe current had to be kept very low (≈ 0.12nA) to prevent any reconfiguration
due to the observation itself. The sample was irradiated at 30K and cycled to 295K, where a
slight reversion from Mg/Eu3 to Mg/Eu2 and Mg/Eu1 can be seen in Figure 5.11(a). When
the sample was irradiated at 295K, and then cycled down to 30K and back up to 295K, no
changes are observed (Figure 5.11(b)). To verify that the reversion seen in Figure 5.11(a)
is in fact due to a reconfiguration of centers, CEES maps were taken before irradiation, af-
ter irradiation and then again after the sample had been cycled to 295K (Figure 5.12(a),(b),
and (c), respectively). The partial reversion of Mg/Eu2 and Mg/Eu1 can indeed be seen in
Figure 5.12(c), which confirms that the recovery seen in Figure 6.11(a) is in fact due to the
reconfiguration of centers.
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Figure 5.10: SEM image of the sample surface before and after cycling the temperature from
30K to 295K and back to 30K (a, b, and c, respectively). The various surface defects can
be used as a point of reference to determine an overall shift of ≈ 35µm from the starting
position at 30K.
Figure 5.11: The partial recovery of Mg/Eu1 and formation of Mg/Eu2 is observed after
irradiation is performed at 30K and the sample is heated to room temperature and brought
back down to 30K (a). No recovery is seen when the sample is irradiated at 295K, and then
cycled to 30K and back up to 295K (b). The original spectrum only returned after annealing
in NH3, which gives support to the H nature of the complex (c). No change is observed for
either electron beam irradiation or annealing for un-doped GaN:Eu (d).
104
Figure 5.12: CEES taken before (a) and after (b) irradiation with a beam current of 5nA. At
this current the increase in Mg/Eu3 is accompanied by the appearance of a new site Mg/Eu2.
(c) A partial recovery of Mg/Eu1 and formation of Mg/Eu2 is observed after heating the
sample to room temperature and returning to 105K.
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To test the temporal stability of the sample, the sample was irradiated at 295K and
checked after one week, after which the spectra remained the same. The sample was then
annealed in NH3, at 800◦C, after which the spectrum recovered to its as-grown state (Fig-
ure 5.11(c)). This was the only process where a full recovery of the as-grown spectra was
observed, which confirms the idea that the movement of hydrogen is responsible for the
spectral shifts observed during LEEBI. To make sure that the same processes were unique
to the GaN:Eu, Mg system, a GaN:Eu sample was irradiated at high probe currents and also
annealed in NH3, and no changes were observed (Figure 5.11(d)).
5.2.3 Density Functional Theory Calculations
In order to verify the energetics of the processes and configuration formation, DFT was
further employed by Dr. Donghwa Lee. Under electron beam irradiation, and a potential
change of charge of the hydrogen from H+ to H0, DFT predicts that the Mg/Eu1 is no
longer the most energetically favorable configuration. With an excess electron in the system,
Mg/Eu1 becomes less energetically favorable, as Mg/Eu2 is 0.17eV lower in energy. In
addition, Mg/Eu3 is equally preferable to the Eu1. The energetic preference of the Mg/Eu3
increases relative to Mg/Eu1 as the number of excess electrons increases, and it is 0.22eV
lower in energy than Mg/Eu1 when two excess electrons are present in the system. This is
summed up in Table 5.2.
Table 5.2: Defect formation energies for the three complexes, as a function of additionally
captured electrons [Courtesy of Donghwa Lee].
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To understand the observed temperature dependence and recovery during temperature cy-
cling, nudged elastic band (NEB) calculations, using the method described in [Jonsson98],
were performed. Lee’s calculations predict that the energy barrier associated with hydro-
gen movement from an interstitial site to a VN site is significantly higher than that for the
movement between two interstitial sites. The energy barrier for the transition of Mg/Eu1 to
Mg/Eu2 is 1.91eV, while that to Mg/Eu3 is only 0.74eV, with one electron added to the sys-
tem. As a result, although Mg/Eu2 is the most energetically favorable configuration under
irradiation, the movement to the meta-stable Mg/Eu3 configuration is more likely at lower
temperatures and power densities. The migration pathways and transient states are shown
in Figure 5.13 and Figure 5.14, for the migration to Mg/Eu2 and Mg/Eu3, respectively. The
energetics for these migration pathways are collected in Table 5.3. To sum up, temperature
plays a very important role in the migration of the hydrogen. The migration to Mg/Eu2 is
more exothermic, but has a higher energy barrier, which means it will dominate at higher
temperatures. The migration to Mg/Eu3 is less exothermic, but has a lower energy barrier so
it will be relatively more likely at lower temperatures. In a sense Mg/Eu3 is meta-stable and
so if it is formed at higher temperatures, it is probable that it will revert back to Mg/Eu1, due
to the low migration barrier.
Table 5.3: Energetics of the migration pathways for the reconfigurations of Mg/Eu1 to
Mg/Eu2 and Mg/Eu3 [Courtesy of Donghwa Lee].
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Figure 5.13: Mg/Eu1 to Mg/Eu2 migration energetics. This reaction is exothermic and has a
high energy barrier. Therefore is more likely to take place at higher temperatures [Courtesy
of Donghwa Lee].
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Figure 5.14: Mg/Eu1 to Mg/Eu3 migration energetics. This reaction is not very exother-
mic, but has a low energy barrier and therefore is likely to take place at lower temperatures
[Courtesy of Donghwa Lee].
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5.2.4 Conclusions
In summary, we have shown that there is a strong correlation between the changes seen in the
emission from both the Eu ions and the normal emission in GaN:Mg. We have verified the
two distinct steps in the activation of the Mg acceptors that have previously been observed.
The first involves the dissociation and charging of the Mg−H complex. The neutral hydro-
gen defects are then trapped locally forming VN −H complexes. The second step involves
the further charging and migration of the hydrogen out of the complex, yet remaining close
enough to be recaptured upon heating. Our calculations indicate that a VN is necessary for
these observations to occur.
It appears that the temperature and power dependencies of our system are governed by
the combination of the need to overcome energy barriers and the ability of the system to
hold charge. The temperature dependence of the conductivity in GaN has been studied,
and it was observed that the dark current increases drastically at temperatures above 100K
[Chung2006]. It would seem that the system is able to hold charge more easily at lower tem-
peratures, and this drives the hydrogen from Mg/Eu1 to Mg/Eu3. The meta-stable Eu/Mg3
will have a high probability to reconfigure to Eu/Mg1 by losing excess electrons or to move
into the VN site by overcoming the energy barrier at the elevated temperature. Consequently,
Mg/Eu3 is not observed after thermal cycles beginning at low temperature. At higher tem-
peratures, the movement of the hydrogen is less efficient and so we must increase the current
density to drive the modification. The combination of higher power densities and increased
thermal energy gives the hydrogen the 1.91eV of energy it requires to move to Mg/Eu2,
where it is more favorable and stable. As a result, above 100K, we see a more equivalent
preference for the hydrogen to move to either Mg/Eu2 or Mg/Eu3, and by room temperature
the movement is predominantly into Mg/Eu2. Mg/Eu2 is a quite stable configuration, and
no movement to Mg/Eu1 is observed when the sample it is cycled to lower temperatures or
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when left at room temperature.
This chapter serves as an overview of the formation and migration of the various com-
plexes that can form as a result of “low” probe current LEEBI at various temperatures. This
turns out to be only one piece of the picture, as increasing the probe current by an order of
magnitude displays another physical situation. We will show the details of this effect, and
connect it to the influence of UV and resonant laser excitation, as well as thermal annealing,
in the following chapter.
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Chapter 6
Properties of the Non-Radiative Traps in
GaN:Eu, Mg
In the previous chapter, LEEBI was shown to cause a shift in the relative numbers of the
Eu−Mg −H sites, for low probe currents (< 10nA). This process was found to be power
and temperature dependent. The change in the numbers of sites was attributed to the migra-
tion of the hydrogen in the vicinity of the Mg. Three Mg related centers associated with the
majority site in GaN:Eu (Eu1), and only differing in the position of the H originating from the
passivation of the Mg acceptor, were identified and labeled Mg/Eu1-3. When hydrogen un-
dergoes a migration away from the as-grown complex, this center can become either Mg/Eu2
or Mg/Eu3. The Mg/Eu2 site is attributed to the H migration from its original interstitial po-
sition to a VN . Mg/Eu3 is considered to be a further migration, after which the Mg acceptor
becomes activated. Note that Mg/Eu3 has the same emission profile as Eu1, but with an ex-
citation efficiency nearly identical to Mg/Eu1. Thermal annealing of GaN:Mg and GaN:Eu,
Mg has shown that non-radiative channels open, once the anneal temperature exceeds 800◦C
[Nakamura92-2 and Lee2013]. Lee et al. have identified these non-radiative channels as
being local to the Mg acceptor, which are opened after the H is removed [Lee2013].
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While the results from Chapter 5 show the effects of hydrogen migration on the optical
spectra of the Eu ions, the precise mechanism remains unclear, in particular, since excitation
through electron beam irradiation is a process involving excess kinetic energy of the elec-
trons, the creation of electron-hole pairs (e − h), and the excitation and relaxation of the
Eu ion itself. In this chapter, We will address the question: at which stage in the excitation
process, and by which process, is the migration of the hydrogen triggered? We will further
relate these findings to the activation of non-radiative channels. To this end, the stability of
the centers under variation of the Eu excitation process, was studied systematically.
Effects due to electron beam irradiation can be difficult to interpret because the inter-
action is very complicated, as the Eu ions are excited while also introducing (e − h) and
energetic electron bombardment. We therefore dissect the problem into these four categories:
1. Resonant (Direct) Excitation
2. Above Bandgap (Indirect) Excitation
3. Electron Beam Irradiation
4. Thermal Effects
6.1 Resonant Excitation
For the first case, we selectively excite the Eu ion directly from its 7F0 ground state to its
5D0 excited state. This excitation is followed by a radiative transition into the 7F2 state
only. Only in the subsequent relaxation back to the ground state is energy lost to the host
in the form of vibrational energy. The electronic system of the host is not affected. It was
observed, rather unexpectedly, that resonant excitation of Mg/Eu1 had the ability to break up
the Mg−H complexes. When Mg/Eu1 was resonantly excited at 5K, the degradation of the
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emission intensity takes approximately 15s before no further degradation is observed, at an
excitation power of 20mW, as shown in Figure 6.1(a). This degradation occurs within 0.1nm
of the resonant excitation wavelength, and is believed to occur due to the strong absorbance
at resonance. Also, when the temperature is raised, the process takes longer to occur and,
around 50K, no more noticeable changes are produced. These results clearly show that
small amounts of local vibrational energy are sufficient to enable a significant migration of
the hydrogen. On the other hand, it was found that the reverse process cannot be triggered
by sustained resonant excitation of Mg/Eu3. Furthermore, each Eu center can couple to a
bulk phonon that can also be resonantly excited, 61meV higher in energy [Woodward2011-
1]. To verify that changes in the excitation do not affect the dissociation, we excited the Eu
ions through this phonon coupled mode, and no changes in the nature of the degradation of
Mg/Eu1 were observed.
According to the model in the last chapter, the dissociation of Mg/Eu1 should lead to
the formation of Mg/Eu2 and 3. While no creation of Mg/Eu2 is observed, by switching
back and forth between resonant excitation of Eu1 and Mg/Eu1, we can see slow changes
in both spectra which occur during 15s of observation. Figure 6.1(b) shows the increase
in Eu1, which is subsequently observed after 15s of Mg/Eu1 irradiation. Figure 6.2 shows
these changes in intensity, as a function of time, and it can be seen that Mg/Eu1 appears to
fully convert into Mg/Eu3. Thus, it appears that resonant excitation of the Eu ions alone,
can cause the Mg-H complexes to dissociate at low temperatures. This has a profound effect
on the CEES maps taken at 5K, since the laser would be within 0.1nm of the resonant exci-
tation energy for Mg/Eu1 for over 3mins, which is far longer than it takes for the spectrum
to change. The estimation of Mg/Eu1, being 5% of the total Eu incorporation was very low
compared to what it would be if the degradation did not occur. For a more accurate measure
of the relative number of Mg/Eu1, we need to look at CEES taken above 50K. At this temper-
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Figure 6.1: Resonant excitation spectra of Mg/Eu1 before and after 15s of exposure (a).
Resonant excitation spectra of Eu1 before and after 15s of exposure of Mg/Eu1 (b). Note:
the intensity scale of (b) is 3x that of (a).
Figure 6.2: Integrated intensities of the resonant excitation spectra of Eu1 and Mg/Eu1 after
switching back and forth every 3s for 15s. A value of 30,000 was subtracted from the inte-
grated intensity of Eu1 to bring out the difference in intensity over time. We can see that the
Eu1 emission goes up by the same amount that Mg/Eu1 decreases.
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ature the relative number of Mg/Eu1 is closer to ≈ 15− 20% of the total Eu incorporation.
This is a more reasonable incorporation percentage since the Mg and Eu concentrations are
of the same order of magnitude, and the Mg/Eu1 center is very energetically favorable.
6.2 Above Band Gap Excitation
Now that we know what the effect of Eu ion excitation is on its own, we introduce (e-h) by
indirectly exciting the sample with a 325nm He-Cd laser. To begin, We explored the system
at 5K, and used neutral density filters in front of the laser to reduce the emission intensity to a
level close to what was observed for resonant excitation. This was to ensure an equal level of
excitation of the Mg/Eu1 system. The spectra before and after 13s of irradiation are shown
in Figure 6.3. The time scale is roughly the same as for the resonant case, which means that
the local vibrational excitation, during emission, indeed governs the reconfiguration process,
and the (e − h) don’t seem to dissociate any additional centers, or speed up the process.
Increasing the temperature also decreased the speed of this process and, around 50K, no
more changes were observed. It is important to note that there is a slight increase in Mg/Eu2
at this laser power (≈ 0.2mW).
Under these low excitation intensity conditions, and at temperatures above 50K, neither
the reconfiguration, nor any other effect, occurred. To study this in more detail, the excita-
tion power was increased by a factor of 50 (≈ 1mW). This results in a similar temperature
dependence, but above 60K the reconfiguration of the peaks no longer occurs, but rather the
intensity of the spectrum, as a whole, decreases. Figure 6.4 shows the temperature depen-
dence of the reconfiguration for an excitation power of 1mW. The spectra before and after
laser irradiation at 5K and 60K are shown in Figure 6.5 (a) and (b), respectively. There
appears to be a new defect that is activated by the UV irradiation, and which acts as a non-
radiative trap.
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Figure 6.3: Indirect excitation (0.2mW) spectra before and after 13s of exposure, at 5K. The
power of the UV laser was lowered such that the Eu emission intensity was equal to that
under resonant excitation. We see that the excitation mechanism does not appear to be a
factor for the center reconfiguration for laser excitation.
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Figure 6.4: The ratio of the emission intensity of Mg/Eu1 to Mg/Eu2 and Mg/Eu3 over time
for four different temperatures, during indirect excitation at 1mW.
Figure 6.5: Optical spectra taken before and after high power indirect excitation, at 5K
(a), and at 60K (b). The centers Mg/Eu1-3 are identified by numbers 1-3, respectively. A
substantial reconfiguration is observed, and the integrated intensity is relatively constant at
5K. At 65K, only a very small reconfiguration is observed and the total intensity is reduced.
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Figure 6.6: Cathodoluminescence spectra recorded during electron beam exposure at very
high probe current at 105K. There is little reconfiguration, and primarily the overall intensity
is quenched. This is likely due to opening of non-radiative channels.
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6.3 High Probe Current LEEBI
We know from the previous chapter that low probe current LEEBI (≈ 10nA) will cause a
reconfiguration of the Mg/Eu complexes. This can occur at any temperature, and the tem-
perature affects which complexes form. This is different from the indirect excitation case
described above. However, we note that increasing the power by over an order of magnitude
resulted in a new effect influenced by non-radiative traps. To further explore the reconfigu-
ration under LEEBI, the probe current was increased to 400nA, at 105K. Figure 6.6 shows
the cathodoluminescence as a function of irradiation time.
The relative peak intensities do appear to change initially, but then go back, and after
two minutes of irradiation, the overall intensity was reduced quite substantially. CEES was
performed before and after irradiation, and it can be seen that the photoluminescence does
decrease and Mg/Eu2 does not noticeably form (Figure 6.7). We believe that the initial
change in relative peak intensities comes from emission on the outer edge of the interaction
volume, where the electron energy is far lower, and only reconfiguration occurs.
Figure 6.7: CEES maps taken before (a) and after (b) two minutes of high probe current
LEEBI, at 105K. Again reconfiguration is not occurring, but rather an overall decrease in
emission intensity.
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It appears that for electron beam excitation; there is an excitation intensity threshold be-
yond which reconfiguration no longer occurs. Above this threshold, and at elevated temper-
atures, the effect of other H-related defect complexes becomes dominant; these complexes
may become non-radiative traps, and lead to a reduction in intensity. This also occurs for
indirect excitation at elevated temperatures.
The preference of Mg/Eu2 to be charged was predicted in the last chapter, where it was
shown that it is more energetically favorable for Mg/Eu2 to form when the charge of the com-
plex lowers from +3 to +1. To specify this in more detail, the relative energies of Mg/Eu1-3
are given in Table 6.1, as a function of excess charge in the complex.
Guided by these calculations and our observations, we propose the following mechanism
(schematically depicted in Figure 6.8) for the center reconfiguration under direct and indirect
excitation.
After direct excitation (step 1), the Eu ion relaxes, radiatively, into the 7F2, state (step
2). This is followed by a non-radiative relaxation to the 7F0 ground state (step 3). In this
step, a localized phonon is excited, resulting in a local atomic displacement that enables the
migration of the H, and the dissociation of the complex (step 4). Under indirect excitation,
an electron hole pair is created (step A) that can either transfer energy to the Eu ion (trig-
gering step 1), or supply charge carriers to the host (step B). After the Eu ion is excited,
it again goes through steps 2-4. However, the availability of carriers can lead to a capture
of charge during the H migration (step C), increasing the likelihood that the energetically
favorable Eu/Mg2 center is formed (step D). For the reconfiguration by localized vibrations,
it is critical that a proper localized mode exists (such as the 11meV phonon observed in
[Woodward2011-1], which remains localized sufficiently long, such that the complex is bro-
ken up. The observation that the laser induced reconfiguration process is inhibited above
60K indicates that this is no longer the case for these temperatures. The inhibition above
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Figure 6.8: Schematic of the mechanism for reconfiguration by both direct and indirect
excitation. The numbers designate the path for Eu ion excitation alone. Letters designate the
path for electron hole pair recombination, which can lead to excitation of the Eu ion (B) or
charge the complex after the H has detached (C).
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60K is less pronounced for electron beam irradiation, suggesting that impact with energetic
electrons offers an additional, but less efficient mechanism for H migration.
Table 6.1: Relative formation energies of the various centers as a function of excess charge
in the system [Courtesy of Donghwa Lee].
6.4 Thermal Annealing
In the proposed mechanism, the energy is deposited very locally, and is effective only for the
excited Eu ion, while all other H-related centers remain unaffected. This will no longer be
the case as we go to elevated temperatures and power densities. We will discuss the effect of
these two factors individually, starting with the behavior under high temperature annealing,
such as those performed by [Lee2013]. They reported overall lower emission intensity, as
well as shorter luminescence lifetimes for all Eu centers when the samples were annealed in a
N2 ambient. The latter is most notable for Mg/Eu1 (Eu-Mg4 in [Lee2013]). We studied these
samples using site-selective, resonant excitation, in order to determine the relative number
of Mg/Eu 1-3 centers, before and after annealing. CEES was performed before and after
thermal annealing, and the overall decrease of intensity can be observed (Figure 6.9). To test
that this decrease is in fact H related, and can be recovered, the samples were subsequently
annealed in ammonia and a drastic recovery was observed, and shown in Figure 6.9(c). The
indirect excitation spectra for all three annealing conditions are shown in Figure 6.10, and
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Figure 6.9: CEES maps of the as-grown sample (a), N2 annealed sample (b), and ammonia
annealed sample (c), at 5K. While the N2 annealing decreases the overall emission intensity,
subsequent ammonia annealing brings it back. Lifetime measurements demonstrate that the
number of centers remains constant, but non-radiative channels are opened and closed for
N2 and ammonia annealing, respectively.
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it can be seen, again, that there is no reconfiguration, and that the excitation efficiency is
almost completely recovered after an ammonia anneal.
The lifetimes of Eu1, Eu2 and Mg/Eu1, before and after annealing, were measured and
reported in [Lee2013]. Figure 6.11 shows the time resolved photoluminescence, and it is
clear that the anneal in N2 decreases the lifetimes of all centers, most notably Mg/Eu1. The
decays were fit to a single exponential for the as-grown samples and to a double exponential
for the N2 annealed samples.
The radiative lifetimes change after annealing and this needs to be considered when inter-
preting the results. With this in mind, it is our interpretation that the total number of Mg/Eu
centers is not changing, but the ratio of Mg/Eu1 to Mg/Eu3 is increasing. This observation
suggests that the Mg/Eu3 centers, which can exist in the as-grown samples, reconfigure into
Mg/Eu1. The energy barrier for this migration is less than 0.75eV, according to the calcu-
lations described in the last chapter. Given the amount of thermal energy available at the
temperatures our annealing was performed, this migration seems likely.
To show this more quantitatively, we calculate the intensity, using the amplitudes (A) and
time constants (s) to be,
I = A× s (6.1)
for the as-grown sample and,
I = (A1 × s1) + (A2 × s2) (6.2)
for the annealed sample. Using these equations and the values of the amplitudes and time
constants, from [Lee2013], given in Table 6.2, we can calculate relative intensities for the
Eu1, Eu2 and Mg/Eu1.
If we compare the calculated intensities to the relative ratios of each centers emission
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Figure 6.10: Room temperature indirect excitation spectra for the as-grown, N2 annealed,
and ammonia annealed samples. We can see that the intensity goes down substantially after
N2 annealing, but recovers after subsequent annealing in ammonia [reprinted from Lee2013].
Figure 6.11: Time resolved PL spectra of Eu1, Eu2 and Mg/Eu3 for the as-grown sample
(a), N2 annealed sample (b), and ammonia annealed sample (c). Here it is observed that
the lifetimes of the emission are changing as a function of annealing procedure, indicating a
change in excitation and emission pathways [reprinted from Lee2013].
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Table 6.2: Amplitudes and time constants for three Eu centers before and after annealing.
Table 6.3: Ratios of the intensities calculated from the measured amplitudes and time con-
stants of the as-grown and annealed samples, and the ratios of the intensities during resonant
excitation of each site for both samples.
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intensity, under resonant excitation, we would expect a similar trend, assuming that the only
effect of annealing is on their lifetimes. These ratios have been tabulated in Table 7.3 and it
can be seen that there is a large discrepancy between the two cases, which can be explained
by the formation of Mg/Eu1, during thermal annealing.
6.5 Nature of the Non-Radiative Traps
The observation that the centers do not reconfigure under higher temperature annealing in
N2 suggests that the Mg/Eu1 defect is sufficiently stable at these elevated temperatures, and
is winning out against other H-related centers, including those that introduce non-radiative
decay channels. The situation is somewhat similar under high intensity excitation, and some-
what higher temperatures (> 60K), which also enables other H-related centers to release their
hydrogen, opening the non-radiative channels.
This interpretation is confirmed by DFT calculations, which show that the passivated
Mg-Eu-H-VN center (Mg/Eu1) is much more energetically favorable and stable, than for
instance, the same configuration without Eu [Table 6.1]. Furthermore, if either complex
loses a H, the Mg-VN -Eu complex is 0.48eV more favorable and stable after re-capturing a H,
than a Mg-VN complex. Thus, at lower temperatures, the hydrogen belonging to the Mg/Eu1
complex can migrate and possibly leave the system, while the non-radiative channel remains
passivated. However, at higher temperatures, while some of the Mg/Eu1 centers may lose
H, it is very likely that they recapture a H, which has been released upon activation of a
local non-radiative channel, or simply retain their H altogether. Since Mg/Eu1 requires H to
produce its emission profile, we cannot say that a permanent loss of H occurs.
For electron beam irradiation, impact excitation seems to result in local migration even at
higher temperatures. But when the electrons have sufficiently high energy, the overall local
migration no longer occurs, and the non-radiative traps are opened up. This could be due to
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heating caused by the very intense irradiation at high probe currents. In fact, most of what is
observed can be boiled down to whether or not the temperature is high enough to destabilize
the non-radiative traps and whether or not enough energy is supplied to the system to cause
a dissociation of the Mg −H complex. The only other factor that needs to be considered is
the excess charges, which only appear to promote the formation of Mg/Eu2.
Figure 6.12: Schematic of the relationship between resonant, above band gap and electron
beam excitation, and their respective effects on the Mg-Eu-VN -H complex.
Figure 6.12 shows the relationship between the three types of excitation techniques, and
the effects they induce. All of the information gathered from the GaN:Eu, Mg system gives
us a clue as to the excitation mechanism behind the efficiency of Eu2. We will explore this
mechanism and how it may apply to Eu1, and GaN:Eu in general, in the next chapter.
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Chapter 7
Mechanism for Enhanced Excitation
Efficiency in GaN:Eu
7.1 Background: Comparison of Dual Excitation and CEES
Spectrum for Varying Growth Parameters
In Chapter 4, it was proposed that Eu1 includes a VN donor in its configuration. It was
also determined that Eu1 can take on both an efficient and an inefficient form, in GaN:Eu
[Poplawsky2011 and Poplawsky 2013]. Since Mg/Eu3 has a high excitation efficiency that
is attributed to a donor acceptor pair (DAP), it would then be advantageous to explore the
possibility of a DAP forming for Eu1 as well, when Mg is not present. To explore this, we
look to the growth conditions that favor efficient Eu1 formation. One method for estimating
the concentration of efficient vs. inefficient centers is by the method of combined CL and
resonant PL excitation. Here we saturate the CL signal and simultaneously turn on the
laser, at the resonant Eu1 excitation wavelength, and analyze its influence. It is important
to note that near-resonant laser excitation will decrease the CL signal, meaning that when
laser excitation is added, the laser will ionize some of the traps that transfer energy to the Eu
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Figure 7.1: Comparison for the dual excitation and CEES spectra for GaN:Eu samples grown
under different pressures. (a) and (b) are the CEES maps for the low and high pressure
samples, respectively. (c) and (d) are the CL, PL, and combined spectra for the low and high
pressure samples, respectively.
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Figure 7.2: Comparison for the dual excitation and CEES spectra for GaN:Eu samples grown
with a V/III ratio of 3200 [(a) and (c)], and with a V/III ratio of 6400 [(b) and (d)].
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ions. Therefore, some of the effects seen may seem less or more pronounce depending on
the case. We first explore samples grown at different pressures, but using the same method as
described in Chapter 4. For these samples the growth temperature was 1050◦C, the V/III ratio
was 6400, but the pressure was raised from 10kPa (low pressure) to 101kPa (high pressure).
For the low pressure sample, the combined signal is slightly higher than the CL signal alone
[Figure 7.1(c)]. This effect is small, but consistent between successive measurements. For
the high pressure sample, the combined signal has the same shape and intensity [Figure
7.1(d)]. The increase with resonant excitation suggests that the electron beam cannot excite
all the Eu1 centers, but for the sample grown at higher pressure, there are many more efficient
centers, and so the electron beam can excite more of them. If we look at the CEES maps for
these samples we can see that the stripe, which was associated with Eu2 in early samples,
goes away for the growth at higher pressure, and the ratio of Eu2 to Eu1 is larger [Figure
7.1(a) and (b)]. In Figure 7.2 (c) and (d), we can see the effects of changing the V/III ratio.
The combined signal did not alter from the CL signal, for the low V/III ratio sample, but was
marginally lower for the higher V/III ratio sample [Poplawsky2013]. These samples were
grown at higher pressures, so there should be more efficient Eu1 centers, which explains
why there is not an increase for the combined signal. However, the decrease in signal for
the high V/III ratio sample indicates that there are numerous efficient Eu1 centers in the
high V/III ratio sample, and that the laser ionized these centers faster than the electron beam
could excite them. Again in comparing the CEES we see that in the low V/III ratio sample,
the stripe is still associated with Eu2, although to less of a degree than in the low pressure
samples; however, in the higher V/III ratio sample it is faint and has moved slightly to the
Eu1 emission. The ratio of Eu2 to Eu1 is larger when the V/III ratio is larger [Figure 7.2(a)
and (b)].
133
7.2 Excitation Efficiency of Eu1
The results described in the previous section gave early evidence that Eu1 exists in two forms,
and that their relative numbers can be varied by changing the growth parameters. In this sec-
tion, we turn our focus to quantifying the excitation efficiency of Eu1, under above band
gap excitation, to explore the influence of growth parameters. In order to determine relative
excitation efficiencies, the emission intensities under indirect excitation, and relative center
abundances were compared. In determining the latter, we made use of the phonon-assisted
excitation, which yields the most reliable results in determining the relative percentages of
each center since, again, for this transition, the cross sections do not depend significantly
on the degree of center perturbation. In Chapter 4, we noted that the CEES maps in this
region can be used to determine relative percentages of center incorporation. Using this
technique, upon increasing the V/III ratio, it was determined that the relative percentage of
Eu2 increases from ≈ 2% to ≈ 5%, and Eu1 decreases from ≈ 90% to ≈ 85%, of the entire
Eu incorporation. Using these percentages, along with the Eu concentrations determined
by Rutherford backscattering (given in Chapter 4), the relative number of each center was
approximated. The spectra obtained under indirect excitation for the samples grown with
different V/III ratios are shown in Figure 7.3. Despite the significantly lower Eu concentra-
tion for the sample with a higher V/III ratio, its integrated emission intensity, in particular
from Eu1, is much higher than that of the lower V/III ratio sample. Again, this is not pos-
sible assuming that we are dealing with the same type of centers. A further perturbation of
the Eu1 center, by an additional defect, needs to be considered. A natural candidate for this
defect is a gallium vacancy (VGa) that could pair with the VN , inherent to the Eu1 structure,
forming a donor acceptor pair (DAP). DFT modeling of the VGa-VN -Eu complex reveals that
such a configuration is energetically favorable, particularly in an arrangement where the VGa
is at a distance from the Eu ion such that position of the ion is barely modified with respect to
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Figure 7.3: Above band gap spectra for the samples grown with V/III ratios of 3200 (red)
and 6400 (black), taken at 5K. The peaks attributed to Eu1 are indicated by dotted lines and
the peak associated with Eu2 is indicated by a dashed line. The emission intensity from Eu1
is significantly higher for the sample grown with a higher V/III ratio, while the Eu2 emission
intensity remains roughly the same for the two samples.
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its nearest neighbors. Using positron annihilation spectroscopy, Chen et al. has previously
detected this vacancy pair, in GaN:Er, the concentration of which increases with increasing
V/III ratio [Chen2010].
The notion that a DAP can be responsible for enhanced excitation efficiency is not new.
In Chapter 5, we investigated the effects of co-doping with a Mg acceptor ion. Recall that,
similar to what we have reported above, we found a Eu1-related center whose spectral fea-
tures are very similar to the regular Eu1, but with an enhanced excitation efficiency. For
the optimal Mg sample, the Eu concentration was found to be lower than in the high V/III
ratio sample; however, its integrated intensity is far higher. The number of Mg-related Eu1
centers was determined following the same method as used for the V/III samples. The rel-
ative efficiencies and numbers of the various Eu1-type centers are given, for all three sam-
ples, in Figure 7.4. Note: we cannot separate the efficient centers from the inefficient ones,
spectroscopically, unless Mg is doped into the sample, since the Mg-related centers can be
distinguished spectrally, due to the additional perturbation of the interstitial H. Therefore,
for the V/III ratio samples, the efficiency is actually the average efficiency of all the Eu1,
both with and without a VGa, while for the Mg-related Eu1 center, it is the actual efficiency
of that center alone.
7.3 Structure of Eu2 and the Effects of Oxygen Co-doping
In GaN:Eu
Since the changes which favor efficient Eu1 formation also appear to favor Eu2 formation,
the structure of Eu2 has also been investigated. Eu2 shows one main peak that has both pi
and σ polarization components of equal magnitude [Figure 7.5], and is not observable in the
zero phonon excitation region when the excitation is polarized perpendicular to the c-axis.
136
Figure 7.4: Comparison of the numbers of each Eu1 related center and their excitation effi-
ciency for varying V/III ratios and Mg co-doping. The structures of the complexes that are
being considered are displayed for each sample. We include the Eu1 centers which include a
VGa and those that don’t in the high V/III sample, since we cannot distinguish these centers
from one another. Thus the excitation efficiency for the VGa related centers is likely much
higher than shown.
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Figure 7.5: pi and σ emission spectra for Eu2, which shows that the main peak has both
components, of approximately equal magnitude. This is an indication that the center has a
very high symmetry.
138
As discussed in Chapter 4, when the sample is tilted such that the excitation is somewhat
polarized parallel to the c-axis, Eu2 can be seen in the zero phonon excitation region, and
contains three total emission peaks. The “usual” peak at 1.996eV is very bright and sharp,
and the other two are relatively broad and close together [Wakamatsu2013]. A center with
three peaks, that can only be seen under pi polarized excitation in the zero phonon mode, is
characteristic of a single center with very high C3v symmetry. Furthermore, Eu2 increases
in numbers under conditions where the yellow luminescence in GaN is favored; i.e., higher
growth temperatures and V/III ratios [Kucheyev2001, Neugebauer96, and Grieshaber96, and
Hautakangas2006]. In addition, we can see in Figure 7.6 that the yellow luminescence dis-
plays a saturation behavior with the bandedge emission that coincides with what is observed
between Eu2 and Eu1 emission [Figure 7.7]; i.e., it saturates quickly due to its low numbers,
but has a high efficiency [Woodward2011 and Kucheyev2001].
The yellow emission in GaN was attributed to VGa, where VGa act as acceptors and are
quite efficient at capturing the energy from (e-h) pairs [Kucheyev2001, Neugebauer96, and
Grieshaber96]. A VGa is also very likely to pair with an oxygen donor that takes the place
of a N (VGa-O), which can also produce yellow luminescence [Lee2013-2, Neugebauer96,
Son2009, and Hautakangas2006]. Other theoretical studies have predicted that VGa can pair
with a RE, but will sit at a second nearest neighbor, which is much farther relative distance
from the RE ion than a VN [Mezdrogina2011 and Sanna2008]. At this distance a VGa or
VGa-O would not effectively perturb the Eu, but are at a proximity where transfer to the Eu
ion is favorable.
The samples with a higher V/III ratio and grown at higher pressures do in fact show a
larger “relative” formation of Eu2 to Eu1, as was discussed earlier. The overall Eu incorpo-
ration is lower in these samples. This is due to the fact that the concentration of Eu2 remains
relatively the same between the two samples, but the concentration of Eu1 is substantially
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Figure 7.6: Saturation behaviour of band edge emission versus the yellow emission [repro-
duced from Kucheyev2001].
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Figure 7.7: Saturation behaviour of OMVPE4 (Eu1) emission vs. OMVPE7 (Eu2) emission,
as the excitation laser if focused and unfocused on the sample [reproduced from Wood-
ward2011].
141
lower. Both of these conditions favor the formation of VGa [Saarinen98], indicating that when
there are more VGa available, it benefits Eu2 formation. Furthermore, when large amounts of
Mg are co-doped into the sample, the formation of Eu2 is completely inhibited. CEES maps
of a sample with low Mg concentration and one with very high Mg concentration are shown
in Figure 7.8 (a) and (b), respectively. The peak corresponding to Eu2 is completely absent
in the high Mg sample, and consequently, its emission is quite poor. Since doping Mg will
increase the p-type conductivity, during growth, there will be a decrease in the formation of
VGa [Saarinen99, Saarinen2002 and Kelly2003]. It is likely that the high concentration of
Mg prevented any significant formation of VGa to occur, and thus, no Eu2 is observed.
Figure 7.8: CEES of GaN:Eu Mg, grown with a low Mg flow rate (a) and a high Mg flow
rate (b). The formation of Eu2 is completely inhibited in this sample, while we can clearly
see Eu1 and the normal Mg-related centers.
More insight was gained on the Eu2 center from the use of a new liquid Eu precursor,
which did not contain oxygen in its molecular structure. The signal from samples grown
with this source was very low and broad, but when oxygen was co-doped into the sample, a
significant improvement on the intensity and narrowing of the emission peaks was observed
[Lee2013-T]. Even more interesting, however, was that by increasing the oxygen concentra-
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Figure 7.9: Indirect emission spectra for GaN:Eu as the O flow rate is increased for three
different Eu source temperatures. Note that for all three cases, the increase in O primarily
benefits the emission of Eu2.
143
tion, Eu2 emission intensity significantly improved, as shown in Figure 7.9, for Eu source
temperatures of 120, 130, and 140◦C [Lee2013-T]. This emission increases with increasing
O concentration and did not depend on the temperature that the Eu source was maintained,
although the temperature did affect the size of the signal from the samples overall. Thus, we
have a strong indication that Eu2 is a Eu center that contains both a VGa and and O, but at a
far enough distance as to not perturb the Eu ion. As mentioned previously, a DAP can trap
energy and transfer it to a Eu ion very efficiently. Since VGa-O would constitute a DAP, this
could explain the very high excitation efficiency observed for this center. Eu2 displays all the
qualities associated with an unperturbed center, and so it is also very likely that it can form
either with or without a VGa-O complex, except that in the latter case it would be drastically
lower in its excitation efficiency, under indirect excitation.
As mentioned previously, all of the above growth conditions that favor Eu2 and efficient
Eu1 formation, also favor the formation of VGa. Hence, it appears that a VGa would be
a good candidate for an acceptor that could pair with a VN , inherent to the Eu1 structure.
Energetic studies show that the formation of a center which includes a nearest neighbor VN
and a second nearest neighbor VGa is even more favorable than for a single VN . It appears
that Eu1 and Eu2 can both take on two forms, one that is efficiently excited by EHP, and
one that is not; the common factor being that the efficient centers contain a VGa, which is
close enough to provide efficient energy transfer, but not too close as to induce an additional
perturbation on the Eu. The Eu1 center should always contain a VN donor. But for the Eu2
centers, the VGa could also form with an oxygen to produce a DAP that facilitates efficient
energy transfer. When the V/III ratio is 6400, in GaN, the VGa concentration is roughly an
order of magnitude lower than the Eu concentration in GaN:Eu [Saarinen98]. Since, for
these samples, we believe that between 5-10% of the Eu ions, taking in account both Eu1
and Eu2, will pair with a VGa, the assignment seems statistically reasonable. Figure 7.10
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Figure 7.10: Model of the structure of efficient vs inefficient centers. Eu1 and Eu2 both form
configuration that either can or cannot be excited by (e-h) pairs. To be excited by (e-h) pairs,
the center needs a localized donor-acceptor pair.
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Figure 7.11: 3-D model of the structure of efficient Eu1 centers, with the VGa − VN DAP
highlighted.
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Figure 7.12: 3-D model of the structure of efficient Eu2 centers, with the VGa − O DAP
highlighted.
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shows a schematic for the structure of the efficient vs. inefficient Eu1 and Eu2 centers. To
show how these centers would look in a larger crystalline environment, 3-D models of the
efficient Eu1 and Eu2 centers are shown in figures 7.11 and 7.12.
7.4 Effects of Si and Mg Co-Doping
Since it is believed that an identical mechanism (DAP) is responsible for the efficiency of
the Eu-centers in GaN:Eu and the new Mg-Eu centers in GaN:Eu, Mg, it would be wise to
verify the necessity for a DAP, and that a donor does not aid the energy transfer on its own.
To test this, another donor, namely Si, was co-doped into the samples. When Si was doped
into OMVPE grown GaN:Eu, no new centers were seen to form and the luminescence of
the sample was seen to decrease quite substantially [Fujiwara-Unpublished Results]. On the
contrary, when both Si and Mg are co-doped into the sample, the luminescence increases
and a unique Si and Mg related center forms. The emission related to this center is outlined
in a red box in the zero phonon CEES map of GaN:Eu, Mg, and Si [Figure 7.13(b)]. Figure
7.13(a) is a zero phonon CEES of GaN:Eu, and it is observed that the center emission,
outlined in yellow, is lower when Mg and Si are doped into the sample (as shown is Figure
7.13 (b)). The Si-Mg center comprises very little of the Eu incorporation, as seen from CEES
maps in the phonon assisted region, outlined in green, in Figure 7.13(c). Under indirect
excitation, however, the new center contributes substantially, which indicates that this center
has a very high excitation efficiency [see Figure 7.14] [Lee2013]. Note: in the figure there
is a black X on a peak that Lee et al. attributed to Si-Mg, but which is clearly present for
GaN:Eu, Mg samples. This peak assignment was corrected due to new data collected after
publication.
As the Si concentration was increased, relative to the Mg concentration, the luminescence
from one of this center’s peaks also increased, and has the highest peak intensity in the room
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Figure 7.13: Zero-phonon CEES of GaN:Eu (a) and Si:Mg:Eu:GaN (b), which shows the
emission from a prominent new Si-Mg related center outlined in red. The phonon assisted
region is shown in (c). Boxed is a center that is modified as Si is co-doped into the sample
in (a) and (b). In (c) the box indicates where this center should be, assuming the normal
coupling to the GaN bulk phonon mode. The extremely low emission intensity of this center
indicates that its numbers are very low.
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Figure 7.14: Indirect emission spectra for Si:Mg:Eu:GaN vs GaN:Eu, Mg and GaN:Eu
[Lee2013]. The emission intensity of the Si-Mg-related center is quite high at high Si con-
centrations, despite its low numbers, indicating that its excitation efficiency is quite high.
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Figure 7.15: Room temperature indirect emission spectra for GaN:Eu, Mg, and Si with
increasing concentrations of Si. The main peak of the Si-Mg related center is indicated with
a dashed line.
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Figure 7.16: DFT models for the various centers in GaN:Eu. (a) Eu1 (b) Mg/Eu2 (c) the
most stable Si-Mg configuration and (d) Mg/Eu3 [Courtesy of Donghwa Lee].
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temperature spectrum [Figure 7.15]. This peak resembles that of Mg/Eu2, and so DFT was
employed to explore its structure. Figures 7.16(a), (b), (c), and (d), show the DFT results for
Eu1, Mg/Eu3, Mg/Eu2 and the most energetically favorable configuration for the new Si-Mg
site, respectively. The Si-Mg site strongly resembles Mg/Eu2 as the H is very near the VN ,
and this could explain the similar emission. However, more experiments and calculations
will be necessary. The main benefit to Mg and Si co-doping is that, unlike with GaN:Eu,
Mg. The increase in efficiency is not lost when the sample is annealed. It seems that the Si
stabilizes the complex.
7.5 Conclusions: Donor Acceptor Pairs as the Mechanism
for Excitation Efficiency and the Maximization of Growth
Parameters
The formation of a center with extremely high excitation efficiency with Mg and Si co-
doping provides further evidence that the main mechanism responsible involves the presence
of both a donor and an acceptor in the close vicinity of a Eu ion, for OMVPE grown samples.
It would seem, then, that simply increasing the number of VGa relative to VN would lead to
the most efficient crystals. Increasing the VGa concentration can be accomplished by increas-
ing the V/III ratio either by the method used in our studies (Ga source flow rate constant and
increased N flow rate) or by keeping the N source flow rate constant, and decreasing the
Ga source flow rate. The latter method would also increase the Eu incorporation since the
growth rate of the crystal is slower with this method.
Unfortunately, large decreases in the Ga source flow rate, and increases in the V/III ratio,
during crystal growth, will introduce defects above a level where crystal quality can no longer
be preserved. Furthermore, while it will increase the Eu concentration, the crystal quality
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will be compromised if the Eu concentration is too high. For instance, decreasing the flow
rate of both the N and Ga sources equally, and keeping the ratio at 6400, did result in a
doubling of the luminescence intensity; however, in this case, the increased Eu concentration
was too drastic to retain surface quality [Fujiwara-Unpublished Results]. It may be possible
to refine the V/III ratio, in small amounts, until a true optimum ratio of the vacancy defects
is found. Further gains may then be possible by slowly decreasing the flow rates of both the
N and Ga sources equally to ensure more Eu incorporation, but not to a level which degrades
crystal quality, all the while keeping in mind that the correct concentration of oxygen must
be supplied. The lattice mismatch could play an important role in reducing the number of
defects in the sample to achieve practical applications by enhancing the transfer efficiency
of the defect complexes. However, this could have the same limitations resulting from the
need for crystal quality.
In summary, I have given strong evidence that the defect mechanism responsible for the
largest enhancement in excitation efficiency, in GaN:Eu, is a donor acceptor pair, where a
VN is the donor for Eu1 and O is the donor for Eu2, and the common acceptor appears to be
a VGa. This also seems to be the mechanism responsible for the high efficiency site found
in Mg and Si co-doped GaN:Eu. Since DAPs lose strength and decouple at elevated tem-
peratures, this assignment could explain the significant thermal quenching seen in GaN:Eu
samples, although additional measurements would be needed in order to confirm this hy-
pothesis. For the practical use of GaN:Eu in red LED applications, further study of these
complexes is necessary in order to determine the conditions that favor their formation, while
maintaining crystal quality.
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Figure 7.17: Actual 3-D rendering of the structure of efficient Eu1 centers, with the VGa and
VN in lighter colors [3-D glasses required].
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Chapter 8
Optical and Magneto-Optical Properties
of GaN:Er
8.1 Background: Peak Assignment for 980nm Excitation
and 1540nm Emission
We have primarily focused on GaN:Eu in the previous four chapters. In this chapter we will
give a brief overview of the splittings that occur under the influence of crystal and magnetic
fields, for GaN:Er. We will begin by describing what is known for the 980nm excitation from
the 4I 15
2
to the 4I 11
2
multiplet and the 1540nm emission that results from the non radiative re-
laxation to the 4I 13
2
multiplet and radiative transition back to 4I 15
2
. Unlike GaN:Eu where we
excite a J = 0 to J = 0 transition, and each transition can only originate from and terminate
on a single level, the excitation in GaN:Er, at room temperature, can originate from any of
the 8 crystal field levels into which the 4I 15
2
multiplet splits even when no magnetic field is
applied. To overcome this added complexity, we performed CEES to get a good overview of
the various excitation/emission energies. These measurements were performed at low tem-
peratures (≈ 10K), in order to ensure that the transitions originate primarily from the lowest
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thermally populated crystal field levels. It turns out that the entire spectrum can be explained
as resulting from a single incorporation center. We looked for patterns in the separation of
the peaks, and found that the peaks are separated by identical energies that correspond to the
energy differences between the crystal field levels of the ground multiplet. From the emis-
sion spectra, it was determined that the first thermally populated level is 0.62meV above the
ground state and the second thermal level is ≈ 4.3meV above the ground state. These sep-
arations were also seen in the excitation and we used them to quantify the splittings of the
4I 11
2
multiplet.
Figure 8.1 shows a CEES for the GaN:Er sample A2373. This sample exhibits the
sharpest lines and is therefore an ideal sample for identifying and quantifying the crystal
field levels for GaN:Er. The separations are shown and color coded to the energy level
diagram on the right. All other samples behave similarly; however, they have broadened
emission lines due to low quality growth conditions.
8.2 Peak Assignment for 800nm Excitation and 980nm Emis-
sion
Next, a tunable 800nm laser is used to excite from the 4I 15
2
to the 4I 9
2
multiplet. We look
at the 980nm emission, which coincides with the excitation spectrum from the previous
section. However, due to the chosen grating used to record the emission, we can access
many more transitions involving the 4I 11
2
multiplet. We have already quantified the first
three multiplets, and now we can verify these and also use them to help quantify the 4I 9
2
splittings. Figure 8.2 shows a CEES map for 800nm excitation and 980nm emission with
the excitation scheme highlighted, and Figure 8.3 shows the CEES map with the emission
scheme highlighted. We can see that, in fact, the levels are separated by the same energy
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Figure 8.1: CEES of GaN:Er for 980nm excitation and 1540nm emission. To the right is an
energy level diagram which is color and line type coded to illustrate the transitions which
give rise to the various excitation/emission peaks.
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Figure 8.2: CEES of GaN:Er for 800nm excitation and 980nm emission, with the excitation
transition scheme on the right.
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Figure 8.3: CEES of GaN:Er for 800nm excitation and 980nm emission, with the emission
transition scheme on the right.
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Figure 8.4: Energy level diagram, showing all known crystal field splittings for the lowest
four multiplets of GaN:Er.
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differences for the ground state that were calculated in the previous section, giving us some
confidence in our assignment. These levels have been investigated previously with similar
assignments [Glukhanyuk2005]. However, their measurements for the 4I 11
2
multiplet don’t
go as high in energy as ours and they reported 6 crystal field levels, with 1.2592eV being
the highest and 1.2550 being the lowest. However, from both our 980nm excitation and
emission spectra, we see that the highest level is 1.2628eV and the lowest is 1.2550eV. Both
groups have reported 6 levels, which is the maximum that is allowed without a magnetic
field. However, considering both level assignments, it appears there would be 8 total levels.
However, Glukhanyuk et al. have defined a level at 1.2579eV that has an extremely low
intensity in their measurements, and cannot be seen at all in our spectra. Furthermore, their
reported level at 1.2585eV is assigned by our groups as being related to the second level in
the ground multiplet (A2) since it is shifted by 0.62meV lower in energy from the 1.2592eV
level. For our continued analysis, we use our 6 assigned levels. We have eliminated the level
at 1.2579eV (considered by Glukhanyuk et al.), and consider their 1.2585 transition as being
related to an upper level(A2). The entire energy level diagram for the lowest four multiplets
is shown in Figure 8.4, with all known crystal field energies. We will use this information in
the next section, as we apply magnetic fields to the sample and try to assign g-factors to the
lowest two multiplets, using the 1540nm emission. Note: our assignments for the 4I 9
2
, 4I 13
2
,
and 4I 15
2
multiplets are in good agreement with [Glukhanyuk2005].
8.3 Zeeman Splitting Analysis and g-factor calculation for
the 980nm Excitation and 1540nm Emission Spectra
The application of a magnetic field to this system can tell us a lot about the crystal field
levels. First, if we apply a magnetic field both parallel and perpendicular to the c-axis,
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we can assign crystal field numbers to the transitions, since levels with the crystal field
number (refer to Chapter 2) of µ = 3
2
will not split for perpendicular fields. Secondly, we
can calculate perpendicular and parallel g-factors for some of the levels, using the methods
described in chapter 3. This information will be important as we look at samples grown on
various substrates, under sub-optimal growth conditions.
8.3.1 Parallel Field
Figures 8.5(a) and (b) show the CEES maps for applied magnetic fields, parallel to the c-axis,
of 0T and 1T, respectively. Note: In the new cryo-system the sample had to be rotated so
that excitation resulted in both pi and σ oriented emission. This did not impact the number
of emission peaks, but did affect the strength of one of the peaks. The origin of this increase
in strength is still unknown. The emission profiles for various magnetic field strengths are
given in Figure 8.6.
We can see that due to the high g-factors and a large number of peaks, the spectra under
application of a magnetic field gets quite complicated, even for weak fields. This is exacer-
bated by the fact that close lying levels can interact with each other as the magnetic field is
increased, as shown by the arrows in Figure 8.7. Regardless, we fit the peaks with a Gaussian
curve, which in the end gives an average uncertainty of ±5% for the g-factors. Within this
uncertainty, we find that we can describe all the splittings with the g-factors given in Table
8.1. EPR measurements were previously performed on this sample, which yielded a parallel
field ground state g-factor of 2.86 ±0.003 [Palczewska2000]. This value falls within the
uncertainty of the 2.88 g-factor calculated from our spectra.
It appears that B1 and A1 have the same g-factor, but this is not surprising since the peak
at 0.8063eV splits into three peaks, with no broadening of the middle peak, indicating that
the two g-factors are very close in value. It is good to note here, that when a single transition
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Figure 8.5: CEES of GaN:Er for 980nm excitation for an applied magnetic field, parallel to
the c-axis, of 0T (a) and 1T (b).
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Figure 8.6: 1540nm emission profile for an applied magnetic field, parallel to the c-axis, of
increasing strength.
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Figure 8.7: Magnetic field ramping map, which shows the interaction of the Zeeman levels
as the field increases. It is evident by the arrows that the peaks start to repel each other once
they get close to overlapping.
Table 8.1: g-factors for parallel magnetic field application.
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Figure 8.8: Overlapped 1540nm emission profiles at 0T and 1T parallel fields, with the
transitions labeled.
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splits into three peaks it means that the g-factors are similar in strength, while a split into two
peaks means one of the g-factors is very small compared to the other, or possibly zero. To
make this clearer and help the reader to gauge the effect of the g-factors, I have overlapped
the 0T and 1T emission profiles and labeled the levels responsible for the transition in Figure
8.8.
8.3.2 Perpendicular Field
Figures 8.9 (a) and (b)show the CEES maps for applied magnetic fields, perpendicular to the
c-axis, of 0T and 1T, respectively. We can see that a few of the levels that split into 4 peaks
for a parallel field, only split into two for a perpendicular field, which means that one of the
levels involved in the transition has a crystal field quantum number of µ = 3
2
. The emission
profiles for various magnetic field strengths are given in Figure 8.10, and the overlapped
emission profiles for fields of 0T and 1T, with the peaks labeled, are given in Figure 8.11.
Interestingly, for this field geometry, in addition to the Zeeman splitting, the center of
gravity of some transitions also shift. A closer inspection reveals that all levels that end on
A1 are shifted to higher energies and vice versa for those which end on A2. There is no
shift of the center of gravity for transitions that terminate on A3. It appears that since A1
and A2 lie very close together, they repel each other upon application of a magnetic field,
perpendicular to the c-axis, while A3 is too far away in energy to be influenced. This idea
is summarized as a schematic in Figure 8.12. The degree of separation is dependent on field
strength, but not on the originating crystal level, and so it would seem that the magnetic field
only influences A1 and A2.
Looking to the literature reveals an interesting result for EPR measurements obtained
by various groups. Konopka et al. report a g‖ of 2.96 and a g⊥ of 8.806, for the ground
state [Konopka2011], while Palczewska et al. report a g‖ of 2.86 and a g⊥ of 7.645 [Pal-
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Figure 8.9: CEES of GaN:Er for 980nm excitation for an applied magnetic field, perpendic-
ular to the c-axis, of 0T (a) and 1T (b). Note: as expected, some of the transitions do not
split for this field orientation.
169
Figure 8.10: 1540nm emission profile for a magnetic field, applied perpendicular to the c-
axis, of increasing strength. Arrows indicate the apparent shifting of the center of gravity for
the peaks.
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Figure 8.11: Overlapped 1540nm emission profiles for applied magnetic fields, perpendic-
ular to the c-axis, of 0T and 1T, with the transitions labeled. Arrows indicate the shifting
of the centers of the gravity of the peaks with increasing magnetic field. Note: those which
terminate on A1 shift to higher energies, while those which terminate on A2 shift to lower
energies.
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czewska2000]. The analysis of these measurements assumes a linear Zeeman interaction,
but this can not be the case if the ground state crystal field levels are interacting. The Zee-
man Effect will no longer be linear, and g-factors based on this assumption will no longer be
quantitatively accurate, or perhaps even qualitatively accurate. Our observation of the mu-
tual repulsion of levels A1 and A2, under perpendicular magnetic field application, explains
the large discrepancy between the reported perpendicular g-factors. This is not the case for
the parallel field case, and so it makes sense that the parallel g-factors are within statistical
agreement.
Keeping this in mind, we follow our normal procedure for calculating g-factors; i.e.,
deviation from non-linearity is neglected, since the energy of all the Zeeman peaks are shifted
by a similar energy as the center of the 0T field transition. The g-factors that explain all
splittings are given in Table 8.2. One thing that is quite certain is that the g-factors for B2
and A2 are zero, which indicates that these levels have crystal field quantum numbers of
µ = 3
2
. Again we find that some of the g-factors are similar in value, which makes sense
because transitions involving them split into only three peaks. Therefore, qualitatively, these
g-factors may be useful, but quantitatively they are not accurate. For example, we find that
the perpendicular g-factor for the ground state is 6.96, which is quite different than either
of the g-factors in the other two studies, further indicating the non-linearity of the Zeeman
effect for this field orientation.
8.4 Substrate Dependence on Strain Enhanced Magnetiza-
tion and Asymmetry
In GaN:Nd, a striking difference in relative intensities of the Zeeman splittings was observed
for magnetic fields applied parallel to the c-axis and shown in Figure 8.13 [Woodward-T].
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Figure 8.12: Schematic for the perpendicular magnetic field influence on levels A1, A2, and
A3.
Table 8.2: g-factors for perpendicular magnetic field application.
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This effect was seen to be enhanced by the strain inherently induced by lattice mismatch
between the substrate and host crystal. To test this in GaN:Er, a series of 4 samples was
grown on 4 different substrates of increasing lattice mismatch, but with all other conditions
held constant. We focus on the three substrates with the most obvious distinctions: Si(111),
bulk GaN, and sapphire. Magnetization measurements were performed at room temperature
using an alternating gradient magnetometer, and the results are given in Figure 8.14 [Wood-
ward2011]. It is clearly seen that the samples grown on the substrate where the largest lattice
mismatch exists (the sapphire substrate) has the highest magnetization. To avoid confusion
we will remind the reader that all samples are GaN:Er, so if we refer to a Si or sapphire
sample, we are referring to the substrate only.
To provide further evidence that this is a result of strain we look for spectroscopic indica-
tors of a highly strained environment, namely florescence line narrowing. Figure 8.15 shows
CEES maps taken in the 980nm excitation range for the three main samples: bulk, sapphire,
and Si(111). In Figure 8.16, we zoom in on the region which is highlighted by a red box in
Figure 8.15, which displays a high degree of fluorescence line narrowing. An image of the
bulk sample was overlapped with a contour map of the sapphire sample to make this point
clearer. We can see that for the sapphire sample, the peaks are elongated, and the center of
the peak is highly shifted towards higher energies. This is even more clearly shown in the
emission profiles for the sapphire and bulk samples, as well as the Si sample, in Figure 8.17.
Note: that these emission spectra were taken at an excitation energy where little fluorescence
line narrowing was observed.
The samples were then placed into the Janis magnetic cryostat, and magnetic fields of
6 Tesla were applied parallel and anti-parallel to the c-axis. Figure 8.18 shows the emis-
sion spectra for the three samples for both magnetic field orientations, with the difference
of the two spectra in black. It can be seen that the difference between the two spectra is
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Figure 8.13: Zeeman emission profile for GaN:Nd, which shows a large asymmetry between
the Zeeman splittings for fields applied parallel and anti-parallel to the c-axis [Woodward-T].
Figure 8.14: Magnetization measurements made at RT for GaN:Er epilayers grown on dif-
ferent templates: (a) in-plane hysteretic data and (b) out-of-plane hysteretic data. In ei-
ther orientation, the saturation magnetization was highest for the sample grown on sapphire
[Woodward2011].
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Figure 8.15: 980nm excitation CEES of GaN:Er grown on bulk GaN, Si(111), and sapphire.
The areas in the red boxes indicate transitions which display significant fluorescence line
narrowing.
Figure 8.16: A zoomed section of CEES for samples grown on sapphire (black contour
lines) and on bulk GaN (image) for an area that shows pronounced fluorescence line nar-
rowing. Arrows indicate the shifts of the maxima of the respective lines between samples
[Woodward2011].
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Figure 8.17: Emission spectra taken for layers grown on three different substrates excited on
a transition for which little fluorescence line narrowing occurs. Note that the emission energy
for the transition which terminates on A3 remains constant, while the peak associated with
the transition that terminates on A1 shifts to lower energies and broadens with increasing
lattice mismatch [Woodward2011].
Figure 8.18: Emission spectra under the application of a 6 Tesla magnetic field parallel and
anti-parallel to the c-axis for the samples grown on bulk GaN, Si(111) and sapphire.
177
Figure 8.19: Reproduced emission spectra under the application of a 6.6 Tesla magnetic
field parallel and anti-parallel to the c-axis for the samples grown on (a) bulk GaN and (b)
sapphire. There is a large difference between the spectra recorded with the two field orienta-
tions for the sample grown on sapphire, while there isn’t a significant difference between the
parallel and anti-parallel field spectra for the sample grown on bulk GaN [Woodward2011].
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more pronounced for samples with a larger lattice mismatch, and which display a larger de-
gree of fluorescence line narrowing. This asymmetry was reported between the bulk and
sapphire samples by our group in [Woodward2011], and these results are shown in Figure
8.19. However, we have further confirmed this difference between these extreme samples,
and have also shown that there is an asymmetry between the magnetic field orientations for
the Si sample as well, the magnitude of which correlates with its measured magnetization,
and degree of fluorescence line narrowing. These measurements were not as spectrally re-
solved as the reported measurements, and so the shape of the differences are not identical.
However, the magnitude of the difference is always greater for samples grown on substrates
with a larger lattice mismatch.
8.4.1 Polarization Dependence on Asymmetry
We investigated the properties of the asymmetry further by using the new cryostation, but the
results were somewhat inconclusive. The new set-up can apply fields of only 1.2 Tesla, and
the direction of excitation must be such that both polarizations of emission are accessible.
As stated previously, this was seen to affect the emission intensity of one of the peaks, and
we believe that it may play a role in the effect of the magnetic field, in the same way the
polarization affected the emission spectra in GaN:Eu. We show the results for the bulk and
sapphire samples, for both polarizations, in Figure 8.20.
The polarization had little, if any influence, the sample grown on the sapphire substrate
did show a more pronounced difference between field fields applied anti-parallel to each
other. Another distinction can be observed if one looks at the transition highlighted by the
red box. The peaks are more symmetric for the bulk sample, and the difference is negligible
between applied field directions. For the sapphire sample the difference is quite significant,
which is also the case for the sapphire substrate under application of a field of 6.6 Tesla,
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Figure 8.20: pi and σ emission spectra under the application of a 1T magnetic field parallel
and anti-parallel to the c-axis for the samples grown on bulk GaN and sapphire.
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shown in Figure 8.19. To understand this better, the influence of magnetic field strength
on the degree of asymmetry, as well as the dependence on the polarization of the emission,
needs further investigation. Also, since we have a rough assignment of the crystal levels
for the 800nm excitation and 980nm, it would be advantageous for all of the preceding
measurements to be repeated for this excitation/emission scheme.
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Chapter 9
Conclusions and Outlook
It is evident that the majority center in GaN:Eu has a VN associated with it. This center
could very well be more complicated than what has been proposed in this dissertation, but
we believe that the defects responsible for these complications are far enough from the Eu
as to not perturb its emission. The co-doping with Mg resulted in a much greater excitation
efficiency over GaN:Eu samples, but due to the migration of H, and opening of non-radiative
channels, active layers of this nature cannot currently be used in a commercially practical
LED. In Chapter 6, we showed that the opening of these non-radiative channels is tempera-
ture dependent. It may be possible to make red LEDs with the active layer being grown in
a similar manner as these samples, but the temperature used to activate the GaN:Mg in the
p-layer must be modulated to not kill the luminescence. It would be advantageous to simul-
taneously anneal GaN:Mg, and GaN:Eu, Mg samples at 650◦C in order to test the transport
properties before and after annealing. If it is found that the Eu luminescence is still high, and
that the GaN:Mg sample is p-type, then it may be possible to move forward towards using
GaN:Eu, Mg for LED purposes. Silicon was shown to inhibit the luminescence degradation
seen in GaN:Eu, Mg, but the output efficiency of the LED, with Si:Mg:Eu:GaN as an active
layer, has not been optimized.
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Overall, we have given strong evidence that the mechanism responsible for the efficient
excitation of GaN:Eu, involves a donor-acceptor pair. This model can explain the thermal
quenching seen in older GaN:Eu samples, and also the increase in emission intensity, as
better DAPs form due to the presence of better co-dopants. A new oxygen-free Eu source
has led to non-obvious insights, but also has its own issues that need to be investigated. A
further investigation into the new Eu source may help us discover other properties.
There is also evidence that strain may play an important role in the distribution and
efficiency of Eu2 [Wakamtsu2013]. The effect of bi-axial strain, brought on by the lattice
mismatch between the GaN host and the sapphire substrate, appears to enhance the energy
transfer between the VGa-O defect and the Eu ion, in the Eu2 center. Also, when the new Eu
source was used without O, the Eu were seen to cluster around the dislocations, which can
be seen very clearly after the samples were etched, and spatially resolved PL mapping was
performed. The luminescence was the brightest around the strained areas. Eu2 most likely
forms with an O donor. These O donors cluster near areas of high strain, and this “shields”
the rest of the sample.
In GaN:Er, we have given a more thorough overview of the optical and magneto-optical
properties by extending to the 800nm excitation range and drastically improving the signal to
noise ratio in the magnetic measurements, as well as extending the measurements to include
applications of magnetic field perpendicular to the c-axis. This has allowed us to calculate
g-factors for the parallel case, but revealed that the Zeeman interaction is not quite linear
for perpendicular magnetic fields. We were able to assign crystal field numbers of µ = 3
2
to two crystal field levels. We have also given strong evidence that the strain in the sample,
which results from lattice mismatch, enhances the magnetization of the sample. This can
be seen through fluorescence line narrowing and the asymmetry of Zeeman level intensities
under application of magnetic fields in anti-parallel directions. The asymmetry was also
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investigated for different excitation geometries and polarizations, which seem to have an
influence.
9.1 Future Work
In turning the samples on their side and exploring the polarization dependence of the transi-
tions, be it Eu or GaN:Er, we have opened a Pandora’s box of polarization dependent effects.
The strain induced magnetism appears to be present in both types of samples, and possibly in
GaN:Nd as well. This appears to be dependent on the direction/polarization of excitation and
strongly affects the strict linear polarization of the emission. Our preliminary belief is that
the defects responsible for the excitation efficiency of the RE ions in GaN are also primar-
ily responsible for the magnetization, and then the strain couples to, and enhances it. This
hypothesis should hopefully lead to a fruitful investigation to be undertaken in the future. I
believe that it is important to:
1. Determine the reason for the non-linearity of the Zeeman Effect for perpendicularly
applied magnetic fields.
2. Determine if this non-linearity also occurs in Er doped lithium niobate and lithium
tantilate, which have similar center symmetries, but different inherent defects.
3. Determine the influence of the polarization and field strength on the degree of asym-
metry.
4. Explore the spatial dependence of strain induced asymmetry.
5. Perform piezoelectrically controlled strain induced asymmetry measurements.
6. Clarify the properties of applying a perpendicular magnetic field for GaN:Eu.
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7. Explore the magnetic properties of GaN:Eu on GaN substrate.
8. Identify the mechanism for the coupling of the magnetic states of the RE ions to the
GaN host; i.e., ferromagnetism in GaN:RE.
9. Explore the new liquid Eu source and its dependence on oxygen.
10. Look into Si and Mg co-doping of the liquid Eu source for the optimization of a red
LED.
11. Determine the mechanism behind the ”Fermi-level” dependence of Eu incorporation
seen in GaN:Eu.
12. Clarify the mechanism and dynamics of the vibration induced hydrogen migration.
13. Explore the meta-stability of Mg/Eu3 for resonant and indirect excitation as a function
of temperature.
While I believe this work has shed a lot of light on our understanding of GaN:RE, it is my
hope that the continued investigation of these subjects will provide an even more concrete
understanding, which will lead to practical application/use of these materials.
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